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Abstract
One way to increase the power of a nuclear reactor is to change the solid cylindrical fuel to
Internally and Externally Cooled (I&EC) annular fuel, and adjust the flow and the core inlet
coolant temperature. The switch to annular fuel allows for a 20% increase in core power density
without changing the assembly size or the control rod placement. Such an approach is being
considered for the Korean reactor OPR1400. The analysis of I&EC fuel with a modified version
of FRAPCON-3.3 revealed that an uneven heat flux split between the outer and inner surfaces
may develop which does not yield an optimal design. After optimization, it is found that
excessive cladding oxidation on the inner channel of the hottest fuel pin may occur due to
excessive internal heat flux, which is controlled by the gap conductance. As the gaps close
asymmetrically, the MDNBR limit of 1.3 could also be violated. At the uprated power, control
of the gap sizes is needed in order to satisfy the thermal-hydraulic requirements. One solution is
to increase the flow rate to increase the MDNBR and to reduce the coolant temperature to
decrease the cladding oxidation.
Reduced-moderation Water Reactor (RMWR) is a boiling water reactor proposed to operate with
mixed oxide fuel and, a harder neutron spectrum and higher local fuel burnup compared to the
traditional Light Water Reactors. The fissile content of the fuel is concentrated in two pancake
like regions in the core separated by a blanket (fertile-only) region. The FRAPCON fuel
performance code has been modified to assess the behavior of the RMWR fuel pins. Properties
were modified to allow for a higher concentration of plutonium oxide. A new mechanistic model
was adopted to simulate the fission gas release and swelling behavior of the fuel. The gas bubble
swelling at the grain edges and grain faces were modeled separately. In addition, solid fission
product swelling model was modified and the effect of axial migration of the volatile fission
product behavior on fuel performance was also analyzed. Specifically, the cesium migrates
axially based on the evaporation/condensation mechanism. Cesium precipitation at the fuel
blanket interface and the resulting excessive swelling of the fuel pin at these locations could
potentially be a major source of local stresses. Furthermore, as-fabricated porosity migration,
central void formation, and hot-pressing of the fuel pellet were also modeled. Finally, axial
variation of the material properties was allowed to represent the active fuel region and the
blanket regions. The updated version of FRAPCON (called FRAPCON-EP) was checked
against experiments then used to analyze the RMWR fuel behavior to optimize various
parameters such the fuel pellet smear density, plenum height, and achievable peak burnup in
order to achieve performance that could satisfy the NRC requirements for fuel pins.
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1. Introduction
1.1.Background
The concern about CO 2 emissions and increase in energy prices recently has led to a
greater demand for economic nuclear electricity. No new nuclear reactor has come online in the
US since Watts Bar 1 in 1996 and until recently, no nuclear plant has been ordered for much
longer. [1] To satisfy the increased demand for power, nuclear reactors have been modified to
operate for longer times between shutdowns and at higher power. This allows for an increase in
power production without the large capital costs required to license and construct a new reactor.
Over the last fifteen years, nuclear reactors have been operating at a higher capacity factor,
which now is over 90%. In addition, nuclear reactors have made upgrades to increase power by
almost 7 GWe, raising the power generation rate of the core or improving plant efficiency.
These upgrades require design modifications to the fuel such as an increase in U-235 enrichment
and designing more robust fuel pins.
An increase in burnup causes a reduction in clad strength while increasing fission gas
release and swelling. This creates a limiting condition on fuel lifetime, because the cladding is
required not to fail in order to contain the fission products. The increase in thermal power can be
obtained by an increase in fuel pin surface area to ensure that the Departure from Nucleate
Boiling Ratio (DNBR) or Critical Power Ratio (CPR) does not decrease. Additionally, the
increase in power and burnup may cause an increase in fuel temperature and a reduction in
thermal conductivity, which when considered together reduce the margin to fuel melting, and
more importantly, make the fuel pin more susceptible to failure during a transient.
1.2.Motivation and Scope of Work
The motivation for this work is to perform a thermo-mechanical analysis of innovative
fuel pin designs for use in commercial reactors. In particular, analysis of an Internally and
Externally Cooled (I&EC) Annular fuel pin and a Reduced Moderation Water Reactor (RMWR)
fuel pin are to be performed. First, the fuel pins will be modeled using FRAPCON. The newest
version, FRAPCON v3.3 can incorporate the properties of Mixed Oxide Fuels into its analysis.
[2] FRAPCON is a steady state code used to determine the behavior of fuel rods throughout life.
It is developed by Pacific Northwest National Laboratories, and is used by the Nuclear
Regulatory Commission to evaluate light water reactor fuel rods to a burnup of 62 MWd/kg.
FRAPCON uses both analytical and benchmarked empirical methods to model light water fuel
rods in a limited set of conditions and it tends to produce conservative results. The innovative
fuel rods discussed above imply departures from FRAPCON's assumed conditions, and the code
must be modified in order to accurately model each fuel pin.
Due to the innovative nature of each of the fuel pins, many modifications must be made
to FRAPCON to properly analyze the fuel pins. FRAPCONSA (FRAPCON sintered annular)
is a fuel analysis tool developed at MIT by Yuan. [3] This will be used to analyze the annular
fuel rods to ensure that they satisfy the NRC requirements for safe operation of the fuel pins. In
addition, any change made to the annular fuel pin design will be accompanied with verification
that the geometry changes to not negatively affect the thermal hydraulic performance of the fuel
rod. VIPRE (Versatile Internals and Component Program for Reactors), a sub-channel thermal
hydraulics code, will be used to ensure that there is sufficient margin to DNB.
Third, in order to analyze the RMWR fuel rod, FRAPCON must be upgraded to account
for the changes in the fuel design. Currently, FRAPCON is designed for a Plutonium
concentration of <7%, however, the RMWR fuel rods have a Plutonium content of about 20%.
In addition, there is a higher heat generation rate and burnup in the fuel pin compared to LWR
fuel pins, which leads to higher temperature. Many of FRAPCON's models are empirical
correlations at comparatively low (<1500 K) temperatures, which become non-conservative at
high temperatures. Due to the high Plutonium content of the fuel rods, some of the material
correlations will be changed and due to the high temperature, a more accurate model for fuel rod
swelling and fission gas release will be implemented in the code.
1.3.Light water reactor upgrades
The type and size of upgrade is determined by the desired capital costs. An MIT study on
a power uprate of a PWR usually a 17x17 Westinghouse fuel assembly, has shown that an uprate
of 50% is possible with major changes in the plant design. [4] This design requires a large
increase in pumping power and a new design for the fuel assemblies. There would be a switch to
internally and externally cooled annular fuel along with a reduction in the total number of pins
from a 17x17 assembly to a 13x13 assembly. In addition, the placement of the control rods
would have to change to account for the new assembly shape. The annular fuel provides an
increase in surface area, which is needed to keep the DNBR at an acceptable value with the
increase in power.
Coolant
Figure 1-1: Solid fuel and internally and externally cooled annular fuel [31
A less costly upgrade could be accomplished by keeping the same fuel assembly size, reducing
the inlet coolant temperature, and applying a moderate increase in pumping power. This upgrade
would keep the same positions of the control rods and sacrifice efficient usage of space for a
lower capital cost for the upgrade.
1.4.MOX fuel and RMWR
Mixed oxide (MOX) fuel is another type of fuel that is composed of several isotopes of
fissionable materials, usually a mix of U and Pu oxides, similar to the typical Light Water
Reactor fuel. MOX fuel tends to be a combination of uranium and plutonium oxides, with the Pu
oxide limited to less than 10%. MOX fuel can be fabricated from spent LWR fuel and has
several advantages. The Pu produced from uranium can be used for weapons, and is a
proliferation risk and can either be stored long term in a burial site such as Yucca Mountain or be
used in new fuel to provide power. This provides a social benefit of safety along with an
economic benefit by reusing the fissile isotopes to power a new reactor without the cost of
mining natural uranium. Shown below is a diagram of the result of nuclear fission. As
plutonium is a byproduct of the neutron capture reaction, it is possible to reuse the plutonium to
further power nuclear reactors after re-processing. Worldwide, in recent years the use of MOX
fuel has increased, and by 2015, the production capabilities are projected to double to 380 tons
per year. [5] Countries such as France, Germany, and Japan have embedded the use of MOX
fuel in LWRs as a step towards recycling of fuel in fast reactors.
Reaction in standard U02 fuel
Waste 65% fissle Pu to MOX Reprocessed U for recycle
Basis: 45.000 MWdt bum-up, ignores nrw acnides
Figure 1-2: U0 2 fission reaction products [51
By using MOX, specifically plutonium as the primary fissile atom, the physical
properties of the fuel material change, but more importantly, the neutronic properties change. In
combination with reducing the moderation of the core, it is proposed that a light water reactor
can be designed as a breeder reactor, i.e. with a conversion ratio greater than 1.0. There are
several variants on the proposed design, but all propose a layered core with power generation in
the fissile region and Pu conversion from U-238 in the blanket regions.
ilerm Ax ial erw
Figure 1-3: RMWR axial design and relative axial power profile [6]
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A Hitachi design is set up so that there can be two parts to the fuel cycle. [7, 8] The first
is a pin used for Pu conversion, and the second is used for burning. The mechanical properties of
the "breeder" fuel pin will be discussed here, as the fuel design for the "burner" fuel pin is
similar to a typical BWR pin, with the exception of Pu-239 is the fissile isotope instead of U-
235. [8]
1.5.NRC fuel safety limits
To ensure a fuel pin is safe throughout life, the NRC has requirements that cannot be
violated at any point throughout life. According to the code of federal regulations, 10 CFR
50.46, the fuel pin must satisfy the following criteria during the worst possible accident scenario
to be considered safe.
Table 1-1: Fuel pin design limits given by 10 CFR 50.46 [9]
Property Limit
Recommended steady state
clad temperature (K) 673
Maximum clad temperature
during transient (K) 1477
Maximum clad strain (%) 1
ZrO2 Thickness (% of
cladding) 17
Maximum Fuel Temperature <T melt
H2 concentration in clad
(ppm) 104_I
The design bases are to "prevent damage from exceeding acceptable levels". Typically, the
design basis accident is a Loss of Cooling Accident (LOCA) and results in a reduction in coolant
pressure and an increase in clad temperature. These two factors can lead to fuel pin failure,
especially if the fuel pin is already at its limit. Since FRAPCON cannot simulate a LOCA, there
must be a margin between the worst value during steady state operation and the stated limit to be
considered safe.
In addition to 10 CFR 50, there is a Standard Review Plan published by the NRC that
provides detail about the above regulations and further recommendations. The Standard Review
Plan (NUREG-0800), chapter 4.2 details testing and licensing procedures, but also give another
set of useful recommendations for designing a fuel pin. For instance, it is recommended that the
rod internal pressure be less than the system pressure to provide another safeguard against rod
ballooning during a transient. [10]
2. Modeling Fuel Rods in FRAPCON
2.1.Code Structure
FRAPCON is designed to combine thermal and mechanical effects in analyzing the fuel
pins. The code divides the fuel pin into up to 18 axial nodes and up to 50 radial nodes. It
iteratively calculates the behavior of the fuel pin caused by temperature, rod internal gas
pressure, fuel and cladding deformation, release of fission product gases, fuel swelling,
densification, and many other effects. The code flow chart is shown below.
New time step
Figure 2-1: FRAPCON code scheme [111
The code performs this calculation for each axial node at each time step, and during the
calculation for each axial node, many of the thermal, mechanical, chemical, and nuclear effects
are calculated for each radial node. The flow chart for how gap conductance and fuel
temperature profiles are calculated is shown below.
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Figure 2-2: FRAPCON fuel temperature iteration scheme [111
The fuel temperature is calculated using an assumed gap conductance, and then based on the fuel
temperature, the gap conductance is calculated. This type of iteration scheme is reused for a
large part of the FRAPCON code and is repeated at higher levels of the code, i.e. for every axial
node temperature profile, gas release solution, and pressure evolution for each time step.
Incorporation of new functions may add new iteration loops to ensure stable results.
In the input of the code, the geometry, reactor primary system conditions, power history,
and fuel composition are described. Each variation of the FRAPCON code will have different
forms of the input file. There are indicator variables to determine if the fuel is fabricated as U0 2
or whether it is a MOX fuel pin. For the MOX fuel pins, there is a different set of correlations,
and two possible thermal conductivity models. The input for the internally and externally cooled
annular fuel includes new dimensional values to specify the new, more complex geometry. To
modify the code, a new function must be compiled in the code and ensure that the resulting
effects do not cause numerical instability. As FRAPCON uses an iteration scheme to solve for
the majority of the fuel behavior, initial values of variables used in the iterations must be
carefully picked, and checks must be made to ensure that the results make physical sense.
2.2.FRAPCON's assumptions
Some assumptions are made by FRAPCON to simplify the analysis and decrease the
processing time. [11] The first is that there is no axial heat conduction in the fuel pin. In most
typical pins, this is a good assumption because it includes a degree of conservatism while not
skewing the results much, as the axial thermal resistance is much larger than the radial
resistance. However, for a fuel rod with high axial peaking, there would be an appreciably high
temperature difference between axial zones, which induces axial heat conduction. Secondly, no
transients are considered. As this analysis is strictly performed for steady state, this is a good
assumption and all time steps are greater than 0.1 days. Third, there should be no large (>5%)
clad strains as the code cannot calculate meaningful behavior at large strains. Fourth, no fuel
sintering is assumed to occur. The fuel pellet can be designed with a pre-existing internal void,
but currently there is neither increase nor decrease in the void due to a temperature gradient
during the operation. This is another conservative assumption, as the introduction of fuel
sintering will decrease the maximum fuel temperature, fission gas release, and fuel swelling.
Finally, FRAPCON assumes the fuel pellet is rigid, which is a good assumption at low
temperatures, but at the elevated temperatures expected in the RMWR, this will lead to excessive
clad straining.
Along with FRAPCON's modeling assumptions, several other assumptions are made
here. First, the fuel property correlations are considered valid despite the atypical and extreme
fuel pin conditions. Primarily, the MOX property correlations such as thermal conductivity and
fission gas release have recommended limits. The MOX correlations must be assumed usable at
high temperature, plutonia concentration, and high burnup, because the code does not provide an
alternative model for atypical conditions. For example, the FGR correlation is recommended for
T<1200 *C, Pu<7%, and B<62 MWd/kg.
2.3.Implementation of Internally and Externally Cooled Annular fuel
The FRAPCON-3.3 source code was modified by Yuan [3] to investigate power uprates
with the switch to annular fuel. The new I&EC code had increased capabilities to enable
analysis of the internal and external zircaloy clad, and U0 2 or MOX fuel rods. The changes
made to the code include:
* New fuel pellet radial temperature and power split calculation
" New fuel thermal expansion scheme
" New fuel-clad mechanical interaction model
" New radial power peaking for the inner coolant channel
2.4.Implementation of MOX fuel
FRAPCON 3.3 contains modifications for MOX fuel that were implemented by Pacific
Northwest National Lab. The changes to the physical property models include the melting
temperature, thermal conductivity, thermal expansion, fuel swelling, and fission gas release.
Most importantly, there are two different thermal conductivity models for MOX fuel. Analyses
using the Halden thermal conductivity model and the NFI/Duriez conductivity model will be
performed. The NFI/Duriez model is recommended by the FRAPCON manual as the Halden
model over predicts thermal conductivity at high temperatures. [2] Both are recommended for
low plutonia concentration (<7%) and low burnup (<60 MWd/kg).
2.5. MIT FRAPCON versions
Previous work done at MIT with FRAPCON has provided several different versions of
the code that are able to capture some of the effects above. Modifications were made by Yuan
[3], Long [12], and Carpenter [13]. Yuan modified FRAPCON-3 for application to I&EC
annular fuel (FRAPCON-SA), Long modified FRAPCON-3 for high burnup and thorium fuel
(FRAPCON-HB), and Carpenter combined the work done by Yuan and Long using FRAPCON-
3.3 (FRAPCON-33SA and FRAPCON-33HB, respectively), in addition to adding correlations to
account for SiC clad, thus generating the version FRAPCON-33SiC. The latest version, to be
described later, FRAPCON-EP (enhanced performance), will allow an analysis of fuel pins with
high content of plutonium (Pu>15%), high operating power, and high temperature. It is based on
FRAPCON-33HB.
3. Internally and Externally Cooled Annular Fuel Analysis
The mechanical analysis of the annular fuel and cladding is very important because the
annular fuel will operate at higher rod power levels (with fewer rods present), and thus
experience added fission events. However, with its lower fuel temperature it would not
experience the same fission gas release. This chapter summarizes the analysis of the mechanical
aspects of the annular fuel and clad and how their performance compares to the base case of the
16x16 solid fuel. The analysis is performed using a modified version of FRAPCON 3 developed
at MIT (FRAPCON-33SA). [3, 12, 13]
3.1.Thermomechanical analysis tools
The codes used in this analysis are versions of FRAPCON: (1) FRAPCON 3.3HB, is the
MIT modified version for solid fuel taken to high burnup, and (2) FRAPCON 3.3SA, which is a
version that was developed to describe sintered annular fuel pellets taken to high burnup. Both
have the capability to go to a bumup of 80 MWd/kgU. Each fuel design is represented by the hot
rod the with a chopped cosine axial power distribution with a peaking factor of 1.3.
3.2.Thermomechanical Analysis of 16x16 Solid Fuel and 12x12 Annular
Fuel
A thermomechanical analysis of the OPR-1000 solid fuel rod and several proposed
annular fuel designs have been performed using FRAPCON. The analysis of the annular fuel
design proposed by KAERI showed that the fuel rod satisfied all safety limits except for the
allowable corrosion related ZrO2 oxide thickness on the inner clad. The annular fuel at both
power ratings (100% and 120%) would not be usable past 70 MWd/kg because the oxide
thickness of the inner diameter cladding is predicted to reach the limit. The results of the
analysis indicated that the annular fuel rod design might not be optimized, as the cladding
temperature, the oxide thickness, and hydrogen concentration were higher for the inner clad than
the outer clad. Furthermore, the heat flux split was not even.
3.2.1 FRAPCON model
The high burnup solid pin modeling was benchmarked based on previous experiments.
[12] The sintered annular FRAPCON code has not been fully validated for commercial
applications, but for the purposes of this study, it is considered that FRAPCON-3.3HBSA
provides sufficiently correct results. Using FRAPCON necessitated a single rod analysis, with
the dimensions of the fuel rod from the data supplied by KAERI. The power profile was
assumed constant over life at the indicated power in order to establish baseline behavior. The
dimensions of the proposed design are shown below in Table 3-1.
3.2.2 Design and Limits of Fuel Rod
Consistent with the goal of the use of annular fuel in the OPR- 1000 design, it is desirable
to analyze its performance to a higher bumup and a higher power. Ideally, this modification will
not negatively affect the reliability and safety of the rod. In fact, as long as several important
parameters are below the prescribed regulatory values, and/or within a small margin of the solid
fuel, this will satisfy the requirement that the fuel will have adequate performance. Shown
below are the design parameters in Table 3-1, their respective limits in Table 3-2 and their value
for the 16x16 reference rod.
Mechanical Properties
Cylindrical Fuel Annular Fuel (12x12)
(16x16) (inner/outer)
Core Length (m) 3.81 3.81
Average Linear
Power (kW/m) 17.26 32.86
Mass Flux
(kg/mA2*s) 3460 3830
Clad Thickness 0.57 mm 0.57 /0.62 mm
Gap Thickness 70 jim 70 pm
Fuel Diameter 8.19 mm 10.08 /14.52 mm
Clad Diameter 9.5 mm 8.8 /15.9 mm
Clad Roughness 3 pim 3 gm
Fill Gas Helium Helium
Fill Gas Pressure 1.5 MPa 1.5 MPa
Inlet Temperature 569 K 569 K (562K for 120% power)
Radial Peaking
Factor 1.55 1.55
Axial Peaking
Factor 1.3 1.3
For the solid and annular fuel at 100% and 120% power, the average linear power is assumed
constant over the entire irradiation time. To ensure the core averaged exit quality is the same at
the 120% power as the 100% power, the inlet temperature is lowered by 7 K. For the analysis at
the 120% power, the inlet temperature is raised by 2 K to take into account for non-uniformities
due to imperfect mixing at the entrance plenum.
The flow rate is kept constant and the change in temperature is allowed to increase. Even
though the current solid fuel rod is not expected to be used in the reactor to a high power rating,
all analyses were performed up to 60 MWd/kg. This allowed us to assess whether at any point
the fuel rod will be in danger of failing even above its normal irradiation limit.
Table 3-2: Limits of properties for Zr clad fuel rods [91
Property Limit
Max. Clad Temperature (K) 673
Maximum Strain (%) 1
ZrO 2 Thickness (% of cladding) 17
Max. Contact Pressure Avoid ballooning
Maximum Fuel Temperature < T melt
H2 concentration in clad (ppm) 104
Internal gas pressure <P coolant
Table 3-1: Design and operating properties of the Solid Fuel Rod and Annular Fuel Rod 114] at 100% power
Along with ensuring that no failure occurs, it is desirable to have near equal conductances in the
inner and outer gaps to allow for even split of the rod heat fluxes, which will lead to the highest
power for a given DNBR.
3.2.3 Effects of a Switch to Annular Fuel
The following will show the results of the FRAPCON analysis of the 12x12 annular fuel
compared to the 16x16 solid fuel case. The results of the analysis of the important parameters
from will be shown and discussed. As seen in this section, a power uprate for the solid fuel is
infeasible because many of the thermomechanical properties are over the prescribed margins.
Annular fuel should have a better performance while keeping the same, or better, safety margins,
and allowing a possible power uprate. All of the following analyses are performed at the peak
linear power node. The fuel temperature at beginning of life at 100% power is shown in Figure
3-1
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Figure 3-1: Radial fuel temperature profile at beginning of life at peak node
3.2.3.1 Clad Temperature
The peak cladding temperature must remain below a certain value to avoid excess
oxidation. [9] This is in effect in order to ensure that no excessive chemical reactions occur
between the water and zircaloy either degrading the clad or causing an unwanted chemical
reaction to take place. In addition, the metal becomes softer at higher temperatures, therefore
will be less capable at containing the fuel during normal operation or in the event of an accident.
To limit oxidation, the steady state clad temperature must remain under 671 K.
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Figure 3-2: Reference fuel clad temperature over fuel life
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Figure 3-3: Clad temperature of annular fuel over life
In Figure 3-2, the solid fuel clad temperature at 100% and 120% power is shown, and in Figure
3-3, the annular fuel clad temperature is shown for the inner and outer clad. The clad
temperature exceeds the limit of 671 K for the solid and annular fuel at 100% power. This result
Clad Temperature over life (100% Power)
Outer Clad
- Inner Clad
may have risen due to the conservative assumption. In particular, the assumption of the fuel rod
running at constant, peak power over the entire life of the fuel may be too unrealistic. The great
advantage of the lower temperatures that comes with annular fuel should be the possibility of
extending the lifetime of the fuel elements. However, the difference in the inner and outer clad
temperatures for the annular fuel indicates that the design may not be optimized.
3.2.3.2 Strain
One of the most important factors in these fuel elements is to keep the cladding strain at a
value less than 1% in the hoop direction. The strain is constrained so that it will not reduce the
flow area of the coolant. In the case of the solid fuel, this means a limit of 1% tensile strain. The
clad strain for the solid and annular fuel is given in Figure 3-4 and Figure 3-5, respectively
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Figure 3-4: Clad Strain over fuel life (solid fuel)
Although the strain is larger than 1% (compressive) at the beginning of life, this can be assumed
acceptable because it actually increases the flow area of the coolant, so it complies with the NRC
regulations. At the end of life, the 120% power case nearly violates the strain limit. In the case
of annular fuel, it is considered acceptable for the annular fuel outer clad rod to reach a
compressive strain larger than 1%, and a tensile strain larger than 1% for the inner clad as both
increase the coolant flow area.
Burnup (MWd/kg)
Figure 3-5: Strain over life for annular fuel (100% power)
The minimum value of strain is -1.1% so even though it is above the limit described in
Table 3-2, it increases the flow area, so the outer clad can be assumed to satisfy the strain
requirement. The inner clad reaches a maximum tensile strain of 1.07% at 10 MWd/kg and as
this strain increases the flow area, this strain is deemed acceptable. By the end of life, the strain
decreases to roughly zero so even at high burnup, the clad strain is acceptable
3.2.3.3 Fuel Temperature
As seen in Figure 3-1, the fuel temperature is drastically lowered with the use of annular
fuel. This increases the margin to the fuel temperature limit by almost 1000' C.
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Figure 3-6: Centerline temperature of the solid fuel
The melting point of U0 2 fuel is around 3000 K, so even at 60 MWd/kg, the solid fuel has
considerable margin. However, the power uprate reduces the margin by about half. Although
the limit on the fuel temperature is well above the peak fuel temperature, lowering the fuel
temperature has several beneficial effects. During accident conditions, the lower stored energy
in the fuel and cladding makes the fuel element much safer. [3] In addition, the lower fuel
temperature leads to lower fission gas release and fuel swelling. Since the fuel is annular and the
heat split is not even, and the maximum temperature is not at the center of the fuel, but slightly
shifted to the inner clad side.
Maximum Fuel Temperature over life (Annular Fuel)
14000-
-00-
-- 100% Power
- 120% Power
2.- 00-E
-20 0 20 40 60 80 100
Burnup (MWd/kg)
Figure 3-7: Maximum temperature of the annular fuel
3.2.3.4 ZrO2 Corrosion Layer Thickness
It is important that the cladding does not degrade through its interaction with water. The
formation of ZrO2 is indicative of consumption of some of the metal, reducing the metal clad
thickness. The limit of acceptable corrosion is 17% of the original clad thickness. Since the
average heat flux of the annular fuel is lower, it is expected that corrosion will be less
problematic in the annular case.
ZrO2 Thickness over life (Solid Fuel)
--- 100% Power
-120% Power
-20 0 20 40 60 80
Burnup (MWd/kg)
Figure 3-8: ZrO2 thickness as a percentage of BOL cladding thickness (solid fuel)
Under the assumption of constant power rating throughout the irradiation, the solid fuel, reaches
the allowed 17% limit at 55 MWd/kg, so that further operation would not be allowed. This
parameter is important because it prohibits higher power or burnup for the solid fuel.
Bumup (MWd/kg)
Figure 3-9: ZrO2 thickness as a percentage of BOL cladding thickness (annular fuel)
The inner clad of the annular fuel reaches the limit of 17% at 70 MWd/kg, so it would be
impossible to continue to the desired burnup of 80 MWd/kg. It is clear that since the oxide
thickness is much larger on the inner clad that the design is not optimized and the performance
would benefit greatly by reducing the inner clad oxide thickness. More importantly, a more
realistic irradiation profile should be examined to estimate the oxide thickness under more
realistic power history conditions.
3.2.3.5 H2 Concentration in the clad
During the formation of ZrO2 one of the byproducts of the Zr reaction with water is the
formation of H2, some of which is taken into the cladding. The limit of 104 parts per million is
far above the likely concentration for the solid fuel (seen in Figure 3-10), so the goal will be to
have a similar concentration of hydrogen in the annular fuel. As seen in Figure 3-11, the inner
clad has a much higher H2 concentration, further indicating that the design is not optimized,
although in this case, no safety limit is breached.
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Figure 3-10: H2 concentration in the clad for solid fuel
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Figure 3-11: H2 concentration in the clad for annular fuel at 100% power
3.2.3.6 Gap Conductance and Power Split
One of the locations of the significant temperature drops in the annular fuel is the gap
between the fuel and the clad. Being one of the parameters most easily adjusted, the gap
thickness, and therefore the conductance, can be readily changed. As there is a negligible
difference between the inner clad and outer clad thickness, the temperature drop and heat flux
from the fuel will be dictated by the gap conductance. The gap conductance for 100% power is
given in Figure 3-12.
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Figure 3-12: Gap conductance over fuel life for 100% power
Although not easily apparent from the graphs, at low burnup (<5 MWd/kg), the fuel pellet has
expanded outwards increasing the conductance and heat flux out of the pellet through the outer
clad. At this point, the pellet has not expanded inwards to the inner clad, which would even out
the gap conductance, so early on in life, the DNBR at the outer clad may be below the safety
limit. [3] Overall, the disparity in the gap conductance leads to an un-optimized design.
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Figure 3-13: Heat flux split over life
The heat flux split, shown in Figure 3-13, gives a clear picture to why the oxide thickness,
hydrogen concentration, and clad temperature are much higher for the inner clad than outer clad.
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3.2.3.7 Internal Gas Pressure
The burnup may be limited by the desire to keep the internal pressure less than the coolant
pressure to prevent clad liftoff or ballooning during transients. The solid fuel is very close to the
15.5 MPa limit by 55 MWd/kg for 100% power case and 50 MWd/kg for the 120% power case,
as can be seen in Figure 3-14. The annular fuel has substantially less pressure buildup even at 80
MWd/kg, as seen in Figure 3-15, making the rod much safer at high burnup.
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Figure 3-14: Internal gas pressure over life for solid fuel
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Figure 3-15: Internal gas pressure over life for annular fuel
3.3.VIPRE model for 16x16 Solid Fuel and 12x12 Annular Fuel
To characterize safe operation of the fuel rods, a thermal hydraulic analysis must be
performed. It determines what fuel geometry designs would be acceptable by ensuring the
MDNBR using the W-3 correlation is greater than 1.3. Because the switch from 16x16 to 12x12
assemblies preserves the assembly size and control rod positions it is important to check that the
base case (100% power) and the uprated version (120% power) both satisfy the MDNBR limit of
1.3. Using the VIPRE model from Zhang et al [15], the MDNBR can be calculated.
To ensure accuracy, Zhang et al, [15] modeled 1/8 of the OPR core rather than a single
rod, which will be applied to both the solid fuel pins and the annular fuel pins at 100% and 120%
power. To provide conservatism, the core was modeled with an 18% overpower to account for
transients, and in the 120% power case, the core inlet temperature was raised by 7 K. This
allows for higher temperatures brought on by reduced cross flow or for reduced coolant mixing
in the lower plenum.
As seen in Figure 3-16, the solid fuel hot assembly is shown with the respective peaking
factors for each pin. The assembly peaking factors are shown in Figure 3-17. The assembly
peaking factors gradually decrease the farther away they are from the center of the core. These
lower power assemblies are grouped into lumped channels to speed up computation time. Each
rod/assembly is assigned a "rod" number and "channel" number. In addition, a chopped cosine
axial power profile is used with an axial peaking factor of 1.55. This approach is used in Zhang
et al, [15] and Feng at el, [16] for further detail on the VIPRE model see those sources.
148
18
1841
1.40
1.43
1.39
1.4
8.46
08 
148
1846
1. 1
1.6
.48
1. 1
1.49
148
1849
1852
1.46
180
1854
1.7
8
Figure 3-16: Pin power distribution in the hot assembly of solid fuel [151
Figure 3-17: Assembly peaking factor for octet of the core of solid fuel [151
For the annular fuel, a very similar model is used, again provided by [15]. As seen in
Figure 3-18 and Figure 3-19. The assembly peaking factors were calculated using MCNP.
VIPRE does not calculate the temperature profile of the fuel pin with tremendous accuracy, nor
does it calculate the gap conductance. Calculations for the proposed PWR with annular fuel
design are also performed by VIPRE-01 based on finite-volume sub-channel analysis. It has
41
already been verified by [16] that annular fuel can be successfully modeled as heat generating
tubes with five material regions using the hollow tube option in VIPRE-0 1. The five regions
include the inner cladding, inner gap, fuel meat, outer gap, and outer cladding. Because VIPRE-
01 cannot automatically calculate heat transfer across a gap for the hollow tube option, it is
necessary to model the gaps as heat conductors having an effective thermal conductivity that
matches the gap conductance. [16]
Figure 3-18: Pin power peaking in the hot assembly for the annular fuel [15]
Figure 3-19: Assembly peaking factors for the annular fuel [15]
The results of the VIPRE simulation provide the minimum DNBR for the assembly. In the table
below, the limiting factor for the uprated case is that at 120% power, the inner channel violates
the DNB limit of 1.3 and identifies the hottest channel.
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Table 3-3: Thermal-hydraulic analysis result from [151
Solid
fuel
Annular fuel
100% power 120% power
Inner Outer Inner Outer
channel I channel channel I channel
Hot channel No. 12 31 1 31 4
Hot rod No. 18 1 1 1 1
MDNBR 1.582 1.625 2.793 0.665 2.110
Exit equilibrium quality 0.0871 0.1207 0.0293 0.2125 0.175
The goal of this uprate is to achieve the same exit enthalpy, and therefore quality, for the core.
The uprate achieves this by increasing the exit enthalpy at the hot channels, but decreasing the
exit enthalpy of the cold channels. For example, although the hot channel enthalpy increases by
almost 70 kJ/kg, the cold channel exit enthalpy decreases by 7 kJ/kg. However, recall that the
cold channel (with an assembly peaking factor of 0.952 as seen in Figure 3-19) has a much
higher flow area, as it is a lumped channel in the outer region of the core.
3.4.Thermomechanical Analysis of modified 12x12 Annular Fuel
A thermomechanical analysis of the revised 12x12 annular fuel rod with a more realistic
power history shows that the annular fuel design is a safe design compared to the solid fuel. The
lower fuel temperature leads to a smaller fission gas release and a small change in internal gas
pressure. However, the clad temperature is slightly higher than the recommended safety limit,
which leads to a higher than desirable oxidation thickness on the clad. Having two gaps with
different conductances creates the additional problem of a time dependent heat flux split.
Although at the beginning of life the heat flux split is even, it varies between 0.8 and 1.25 during
life as the gaps close asymmetrically. This uneven heat flux split can lead to a reduction of the
MDNBR below the 1.3 limit.
Finally, the analysis of a changing gap conductance over life shows that the MDNBR
limit is violated once the outer gap closes, and remains below the limit of 1.3 at the end of life.
The heat flux split is not balanced once both gap close leading to a violation of MDNBR on one
side and a large DNB margin on the other.
3.4.1 FRAPCON model
A modified design has been found that satisfied the MDNBR conditions at 120% as seen
in Table 3-4. A FRAPCON analysis will be performed on this design; however, to add more
realism to the analysis, a modified power history will be used. This power history, seen in
Figure 3-20, is characterized by having a constant power for the first 20 MWd/kg of burnup
followed by a decreasing power over the rest of life.
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Figure 3-20: Proposed power history of 12x12 annular fuel
The properties of the redesigned fuel rod are shown in Table 3-4, with the altered dimensions
shown in bold. The majority of the dimensions remained the same, however, the fuel pellet
placement, and the inner and outer clad diameters were changed. These changes were proposed
in [15], to improve the safety and further optimize the design by achieving more even power
split. In addition, the design limits remain the same as in the previous section as seen in
Table 3-2.
Table 3-4: Properties of the modified annular fuel design compared to the cylindrical fuel
.1 ......... .. .. . 11111111- - - , W 0 AN" - . 111111111IM-Z.
Mechanical Properties
Modified Annular Fuel
Cylindrical Fuel (inner/outer)
Core Length 3.81 m 3.81 m
Linear Power 17.26 kW/m 32.86 kW/m
Mass Flux 3460 kg/m^2*s 3830 kg/mA2*s
Clad Thickness .57 mm .57 / .62 mm
Gap Thickness 70 pm 70 pm
Fuel Diameter 8.19 mm 9.8 / 14.42 mm
Clad Diameter 9.5 mm 8.52 / 15.8 mm
Clad Roughness 3 pm 3 im
Fill Gas Helium Helium
Fill Gas Pressure 1.5 MPa 1.5 MPa
Inlet Temperature 569 K 569 K
3.4.2 Results of FRAPCON analysis
Using the above changes, the results of the analysis illustrate that the fuel pin exhibits
more symmetric thermomechanical response compared to the original design. For example, the
difference between the inner and outer clad temperatures is much smaller, as well as the heat flux
split, implying that the fuel pin is better designed. One hazard still present is that there is
excessive oxidation of the inner cladding in the 120% power case. The detailed results will be
discussed in the following section
3.4.2.1 Clad temperature
The new design has resulted in a more even heat flux split than the design in section 3.2.
This results in the inner and outer clad temperatures to be closer than the previous design. In
addition, the more realistic power history leads to a decreasing temperature at the end of life.
For the 100% power case, the temperature is below the limit, however, for the 120% power case,
for a period, the clad temperature is above the recommended limit of 671 K. Although this is not
likely to be a problem, it indicates that there may be excessive oxidation. If the oxidation is
sufficiently small, then the temperature itself will not be problematic.
Clad Temperature over life (100% Power)
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Figure 3-21: Clad temperature at the peak power node for 100% power case
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Figure 3-22: Clad temperature at the peak power node for 120% power case
3.4.2.2 Clad hoop strain
The clad hoop strain has a limit of 1% imposed on it to ensure that there is no substantial
reduction in flow area. For the annular case, even though the strain exceeds 1%, there should be
no problem because each of the strains leads to an increase in flow area.
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Figure 3-23 Clad hoop strain at the peak power node for 100% power case
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Figure 3-24: Clad hoop strain at the peak power node for 120% power case
3.4.2.3 Fuel temperature and fission gas release
The maximum fuel temperature is well below the melting point throughout life, so even
though the annular fuel pin has a higher linear power rate than a typical fuel pin, the fuel
temperature and corresponding fission gas release are much lower than normal and do not lead to
any safety concerns.
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Figure 3-25: Maximum fuel temperature at the peak power node
Fission gas release over life
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Figure 3-26: Fission gas release over life
3.4.2.4 ZrO2 Thickness
for both power ratings
The oxide thickness is measured as a percentage of the original clad thickness with a
limit of 17%. This limit is intended for transients so the steady state limit at the end of life
should be lower, although it is not determined exactly what the limit for this fuel pin should be.
The 10-20'C higher inner clad temperature leads to doubling of the oxidation rate, as seen in
Figure 3-27 and Figure 3-28. In addition, to the higher oxidation rate, the inner cladding is
thinner, which leads to the higher of oxide thickness as a percentage of clad thickness. For the
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100% power case, it is likely that in the event of a transient, the oxidization limit will be reached,
and in the 120% power case, the steady state value at the end of life is over the limit. This shows
that the high clad temperature is an issue and the oxidization of the clad needs to be reduced by
shifting more of the heat to the outer coolant channel.
ZrO2 Thickness over life (100% Power)
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Figure 3-27: Oxide thickness on cladding at the peak power node for 100% power
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Figure 3-28: Oxide thickness on cladding at the peak power node for.120% power
3.4.2.5 Gap conductance and heat flux split
The gap conductance controls the heat flux split to either the inner or outer channels.
Therefore, the location of the MDNBR of the fuel rod can shift from the inner to the outer
channel and back. The history of the heat flux is given in Figure 3-31. At the beginning of life,
the heat flux of the outer channel is larger since the gap conductance for the outer channel is
higher, for both the 100% and 120% power cases, as seen in Figure 3-29 and Figure 3-30. The
outer gap closes quickly, which increases the heat flux to the outer channel. The heat flux split
then changes to favor the inner channel because when both gaps are closed, the fuel thermal
conductivity becomes the dominant factor. The gap conductance decreases as fission gas is
released and the power level is decreased, which reduces the contact pressure and the fuel-clad
interface conductance. The uneven heat flux split at the point when either of the gaps are closed
are points of concern regarding the MDNBR.
Figure 3-29: Gap conductance at the peak power node for 100% power
Gap Conductance over life (100% Power)
70000
Z 60000
50000
40000
30000
20000
0 10000
0 20 40 60 80 1
Burnup (MWdlkg)
+Outer gap
-a-Inner gap
Gap Conductance over life (120% Power)
70000 -
Z 60000 -
50000
40000
-4-Outer gap
30000Inner gap
.20000V
U 10000
0
0 
-+- Outer gap
0 20 40 60 80 100
Burnup (MWd/kg)
Figure 3-30: Gap conductance at the peak power node for 120% power
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Figure 3-31: Heat flux split over life
3.4.2.6 Internal gas pressure
The internal gas pressure remains relatively constant once the fuel pin is heated. The
plenum length is sufficient to ensure that the fission gas release does not affect the internal gas
pressure very much. The gas pressure does not increase past that of the coolant, which ensures
that the rod does not balloon, reducing the flow area.
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Figure 3-32: Rod internal gas pressure
3.4.3 Proposed solution to excess oxidation
The oxide thickness for the 120% power case, as seen above in Figure 3-28, is a problem
for licensing as the 17% oxidation limit is dictated for a transient, such as a LOCA, not simply
steady state operation. At 100% power, the fuel pin is within the safety limits, but this problem
occurs when the annular fuel pin is used at 120% power. There needs to be some margin
between the oxide thickness at the end of life and the 17% limit in the event of a LOCA at the
end of life. To determine the required oxide thickness margin, a transient study of a LOCA must
be determined. It is likely that the clad temperature during a LOCA for annular fuel will be
reduced due to the lower stored energy in the fuel, due to the low fuel temperature. In any case,
to take into account transients, the fuel pin is analyzed with a 5% overpower (above the power of
the hot pin in the 120% power case) throughout the fuel life along with an increase in the core
inlet temperature of 2 K. Although not completely accurate, this will provide some conservatism
to give an idea of the order of magnitude changes that could be made. Shown below is the
baseline case of the overpower analysis performed on the solid fuel rod using the modified
power history with decreasing power over time.
-+- 100% Power
-U- 120% Power
OPR Solid Fuel under 105% overpower conditions
Figure 3-33: Oxidation thickness over life for the solid fuel at 105% power with inlet temperature increased
by 2 K.
The solid fuel, as seen in Figure 3-33, has a large margin between the end of life oxidation value
and the limit, so it should be noted that even with the overpower condition; the annular fuel
oxidation may need to be lower for licensing, to take into account more serious transients.
Shown in Figure 3-34, is the change in initial cladding thickness that affects the fmal oxidation
thickness. With an increase in cladding thickness, the temperature of the clad will increase, as
seen in Figure 3-35, so the temperature actually goes above the limit. The major concern of the
clad temperature is to ensure that excessive oxidation does not take place, so the small increase
in temperature should be viewed as an acceptable change when the reduced oxidation (as a
percentage of initial clad thickness) is taken into account. As seen in Figure 3-34, an increase of
the clad thickness reduces the percentage oxidation thickness. The final choice of clad thickness
can be made depending on the results of a LOCA analysis and if the oxidation layer is still too
large, it may necessitate a decrease in power.
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Figure 3-34: Peak clad oxidation as a percentage of initial clad thickness as a function of initial clad thickness
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Figure 3-35: Peak clad temperature as a function of initial clad thickness
To accommodate the change in clad thickness while keeping the fuel volume constant, the
dimensions of the inner or outer channels must be changed. This gives two geometric
possibilities for each clad thickness change. There is the possibility of a wider selection of
dimension changes by changing both the inner and outer channel dimensions, but this is just to
explore the sensitivity of the fuel pin at the extremes of the dimension choices. Table 3-5 shows
the dimensions that could be changed when altering either the inner or the outer channel.
Table 3-6 shows the MDNBR for both the inner and outer channels. Any dimensions not shown
are the same as those found in Table 3-4.
Table 3-5: Proposed dimensional changes for varying clad thicknesses using both
Change inner
channel Change outer channel
Inner Clad Inner clad Inner clad Inner clad Inner clad
Thickness (mm) diameter diameter diameter diameter
0.57 8.52 9.8 14.42 15.8
0.6 8.46 9.86 14.44182 15.82182
0.65 8.36 9.96 14.47936 15.85936
0.7 8.26 10.06 14.51832 15.89832
Table 3-6: MDNBR of respective geometries compared to the reference case
MDNBR MDNBR
Clad (Inner (Outer
Thickness Case channel) Channel)
Solid Fuel (100%
0.62 mm power) N/A 1.582
Original Annular
0.57 mm Design 1.871 1.453
Adjust Inner 1.746 1.518
0.60 mm Adjust Outer 2.415 1.415
Adjust Inner 1.645 1.604
0.65 mm Adjust Outer 2.515 1.352
For analysis of the MDNBR above, the gap conductances used were 7000 W/m 2*K and 3500
W/m2 *K for the outer and inner gap respectively, as proposed by KAERI. The symmetry of the
fuel design improves when the inner channel is made smaller because the thermal resistance of
the conduction through the inner cladding increases with an increase in clad thickness. This
increase in the inner channel resistance leads to a smaller heat flux to that channel, increasing the
inner channel MDNBR and decreasing the outer channel MDNBR. The decrease in the inner
channel diameter improves the MDNBR symmetry, but it makes it more likely for the inner
channel to be plugged. Therefore, the oxidation limit cannot be solved only by increasing the
inner clad thickness, because of either decreasing the inner flow area or decreasing the margin on
the DNBR of the outer channel.
To provide a more realistic estimate of the oxidation at the 120% power case, rather than
a conservative calculation, a more realistic power history and axial power profile will be used.
The axial peaking factors and power history are taken from [17]. The axial power profile
changes due to the reduction of fissile atoms at the higher power regions (the center) early in life.
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Figure 3-36: Realistic rod-average power history for 120% power case
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Figure 3-37: Realistic axial power profile for 120% power case
The rest of the properties and operating conditions are the same as those in Table 3-4. As seen in
Figure 3-38, the oxidation at 120% power is very similar to that of the previous case with a
slightly less realistic power profile. This indicates that the oxidation of the Zr clad will indeed
by a problem for the fuel pins. In addition, using the transient oxidation model from [18], it
shows that for a clad temperature of less than 1000 K, there is no increase in the oxidation layer
thickness. According to [19], the maximum cladding temperature during a LOCA is only 879 K.
Although this analysis is of a 15x15 assembly design, it can be extrapolated that for the 13x13
design, the peak cladding temperature will be below or at least close to the threshold of 1000 K.
Additional oxidation during a LOCA would not be problematic, although, as seen in Figure 3-3 8,
the steady state oxidation is above the 17% limit and it would be advisable to leave some margin
to account for uncertainties.
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Figure 3-38: Oxidation thickness at 120% power over life for realistic power history
Finally, the reduction in inlet temperature can also reduce the oxidation as seen in Figure 3-39.
A small reduction in the coolant temperature will reduce the oxidation thickness to an acceptable
margin. This will also be accompanied by a reduction in the efficiency of the plant. With a
reduction in coolant temperature from 560 K to 540 K, the efficiency drops from about 35% to
31%.
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0-25
20
15
0
(U!10-
O0 5.
0* -
535 540 545 550 555 560 565 570 575
Coolant Temperature (K)
Figure 3-39: Peak oxidation thickness at 120% power for different inlet temperatures
3.4.4 Gap conductance asymmetry and effects on MDNBR
So far, the gap conductances have been assumed at a value of 7000/3500 for the outer
and inner gaps respectively. From the FRAPCON analysis, it is expected that the gap
conductance changes very radically, in both magnitude and asymmetry, during irradiation. As
the pellet expands outward, the outer gap conductance increases while the inner gap conductance
does not change. This will cause a heat flux shift as seen in Figure 3-31. In addition, as the gap
conductance increases, the heat flux split becomes more dependent on the geometry of the fuel
pin, which favors the heat flux through the inner channel due to the lower thermal resistance
through the clad, as seen at the end of life when the inner channel heat flux is 1.2 times that of
the outer channel. For the annular fuel 100% power case, the results of the VIPRE analysis are
given in Table 3-7, which shows the MIDNBR for the most likely occurrences of DNB and the
beginning and end of life. The values for the gap conductance are extracted from the FRAPCON
analysis.
Table 3-7: MDNBR results for the annular fuel pin at 100% power
100% power
Gap conductance MDNBR (Inner MDNBR (Outer
Time Case (inner/outer) channel) Channel)
Adjust Inner 4.689 2.599
BOL Adjust Outer 3619/9502 4.848 2.63
Outer gap Adjust Inner 5.344 2.445
close Adjust Outer 3967/21416 5.495 2.376
Inner gap Adjust Inner 2.257 3.185
close Adjust Outer 21456 / 21456 2.519 3.19
Adjust Inner 2.144 3.219
EOL Adjust Outer 57229 / 49523 2.431 3.218
The result for the 120% power case, given in Table 3-8, shows that DNB at this power level is
very sensitive to the gap conductance. Certainly, for this design to be feasible over life there
must be some design change to keep the MDNBR above 1.3 throughout life. This can be done
by either forcing the gap conductance to stay low in order to ensure that the resistance through
the clad is not the dominant factor in the heat flux split, or by keeping the gap conductance better
balanced.
Table 3-8: MDNBR results for the annular fuel pin at 120% power
120% power
Gap conductance MDNBR (Inner MDNBR (Outer
Time Case (inner/outer) channel) Channel)
Adjust Inner 2.702 1.315
BOL Adjust Outer 3619/9502 2.992 1.147
Outer gap Adjust Inner 3.6 0.929
close Adjust Outer 3967/21416 3.88 0.68
Inner gap Adjust Inner 0.392 1.79
close Adjust Outer 21456 /21456 0.486 2.307
Adjust Inner 0.318 1.828
EOL Adjust Outer 57229 /49523 0.476 2.405
3.4.4.1 Solutions to gap conductance asymmetry
A solution posed by Yuan et al, [20] to reduce the gap conductance asymmetry is to spatter the
fuel pellet with oxide particles that add a large thermal resistance, thereby decreasing the gap
conductance upon fuel-clad contact. These small particles are deposited as a layer that is porous
so to inhibit heat transfer. However, once the gap is closed and contact pressure increases, the
gap conductance behaves as if there was no spattering. Figure 3-40 illustrates an effort to reduce
the outer gap conductance at the beginning of life to achieve a more even gap conductance.
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Figure 3-40: Gap conductance effects of spattering oxide particles onto the fuel [201
In an effort to reduce the gap conductance of the outer channel at the beginning of life, a porous
oxide layer can be established on the fuel, which decreases the gap conductance.
A unique problem presented by the OPR annular fuel design is that the heat flux favors
the outer channel early on, then the inner channel towards the end of life so that the MDNBR is
below the limit on both channels at some point in life. To ensure safe operation, the outer gap
conductance must be decreased at the beginning of life, and increased towards the end of life,
and vice-versa for the inner gap. To bring the MDNBR into an acceptable range, the outer gap
conductance factor must be decreased by a factor of 1.5. By the time the inner gap closes, the
effects of the spattering should be gone as the contact pressure compresses the pore in the oxide
film. To bring the inner channel MDNBR into the acceptable range, the gap conductance must
be decreased by a factor of 2.5. Furthermore, the inner gap conductance must remain low at the
end of life. This does not seem to be a feasible solution as the gap contact pressure increases at a
time where a reduction in gap conductance is still required. It would be infeasible to control the
contact pressure to keep the gap conductance at the appropriate value.
Another solution would be to raise the flow rate further in order to improve the DNBR.
As seen in Figure 3-41, the most limiting conditions of MDNBR occur at 0.1 MWd/kg for the
outer channel and 1.75 MWd/kg for the inner channel. With an increase in flow rate of 15%, as
seen in Table 3-9, the MDNBR improves greatly and even at these most limiting conditions,
there is still a margin. However, this requires the installation of new pumps, and lead to a greater
pressure drop through the system.
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Figure 3-41: MDNBR for the inner and outer channels at the beginning of life
Table 3-9: Flow rate effects on the MDNBR at the most limiting conditions at 120% power
Flow=100% Flow= 115%
Outer Inner Outer Inner
Burnup Channel Channel Channel Channel
0.1 0.786 3.842 1.763 4.774
9.8 2.275 0.416 3.03 1.542
3.5.Annular fuel analysis summary
Using the appropriate versions of FRAPCON developed at MIT, the current OPR fuel rod
and a proposed OPR annular fuel rod were analyzed. Operating and safety limits on the
important parameters were observed to ensure safety, and a comparison to the solid fuel rod was
made to check for changes in the safety margin. The most important result of this analysis is that
the heat flux split between the inner and outer channels is nowhere near even; initially it is higher
through the outer clad, but by 10 MWd/kgU the heat flux through the inner clad far exceeds that
through the outer clad. This imbalance is at least partly responsible for the excessive oxidation
and clad temperature observed in the calculations. If the heat flux split can be better balanced,
these problems may be alleviated. A similar conclusion was drawn with regard to DNBR.
The oxide thickness and temperature of the inner clad appear to prevent the annular rod
from achieving the design bumup at 120% power, but this may be due to the conservative nature
of FRAPCON.
4. Reduced Moderation Water Reactors (RMWR) Fuel
4.1.FRAPCON Analysis
Using fuel design parameters of the RMWR along with the data provided by [6-8] an
analysis of the fuel performance can be performed on the RMWR with FRAPCON-3.3. No
modifications have been made to this version of FRAPCON, so the fuel rod responses may not
be accurate. The following table contains the relevant parameters for the thermo-mechanical
analysis. Most of the geometric properties were simply the properties of a sample BWR test case
from [17], but modified using the important parameters from [6], with the modified parameters
in bold.
Table 4-1: RMWR fuel rod properties
Pitch (mm) 12.1
Clad OD (mm) 10.8
Clad thickness (mm) 0.7
Gap Thickness (um) 70
Plenum spring diameter
(mm) 9.1
Height of pellet (mm) 11.4
Plenum length (m) 0.14
Density (%TD) 95
Pu percentage 20
Fill gas pressure (MPa) at
room temp. 1
Fill gas Helium
Total Fuel length (m) 1.25
Coolant pressure (MPa) 7.14
Coolant inlet temperature
(K) 555
Mass flux (kg/mA2/s 1000
Uranium enrichment (%) 0.25
O/M 1.98
As FRAPCON can only model the rod as one composition, this analysis describes the fuel pin as
being 20% Pu throughout its entirety. The isotope concentration, shown below is from [8].
Table 4-2: Plutonium isotope fraction [81
Isotope Percent
Pu-239 54.0
Pu-240 28.8
Pu-241 9.9
Pu-242 7.4
The axial power shape is directly from [6]. The power history is a five part cycle with a
core average burnup of 9.4 MWd/kg. Each cycle is based on the average power of the rod over
the cycle suggested by [6] with an uprate of 20%.
Figure 4-1: RMWR axial power shape [6]
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Figure 4-2: RMWR power history based on [61
Using the expected fluence for the clad is calculated using the figure below, Figure 4-3. The
fluence at the peak power location is expected to be 1.8 1E21 neutrons/cm 2 for the peak power
node, which is below the limit of 3.8E23 neutrons/cm 2.
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Figure 4-3: Fast flux ratio for each axial location [61
fuel performance analysis
There are several assumptions and limitations made by FRAPCON, which makes it
highly doubtful that it can perform a correct analysis for the RMWR operating conditions. First,
FRAPCON fission gas release and swelling models are decoupled. In reality, these modules are
tightly coupled to each other. The fission gas release model is insensitive to the external applied
stress. Second, the FRAPCON fuel swelling model is just a linear curve as a function of burnup.
Typically, swelling components of the fuel are gas bubble swelling, volatile fission product
swelling and swelling due to the other solid fission products. (1) Volatile FP swelling diminishes
significantly at higher temperature, (2) at high temperatures, gas bubble swelling increases
significantly and (3) sintering becomes an effective means of removing the as fabricated
porosity. Fission gas bubble swelling increases significantly at high temperature and low stress
conditions and FRAPCON's swelling model will severely under predict the fuel pellet swelling.
In addition to these effects, volatile fission products, specifically cesium, tend to migrate to the
cooler regions, precipitate and cause a very high solid FP swelling, especially at the fuel blanket-
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interface. This phenomenon can cause high clad strains in the cold regions of the fuel well
before the end of life. Finally, as-fabricated porosity migration and the evolution of oxygen to
metal ratio are not included in the original FRAPCON.
Along with FRAPCON's assumptions, several assumptions were made about the fuel
property correlations validity, despite the atypical and extreme fuel pin conditions. Primarily,
the MOX property correlations, such as thermal conductivity and fission gas release, have
recommended limits, which are exceeded during the RMWR fuel pin lifetime. So the MOX
correlations are assumed usable at high temperature, plutonia concentration, and high burnup.
For example, the FGR correlation is recommended for T<1200 "C, Pu<7%, and B<62 MWd/kg,
which are all exceeded at the hot fuel pin. The analysis presented in this section is made using
the assumption that FRAPCON's models are accurate. Special notice is given to parameters that
are calculated or affected by any of these models. For example, an excessive fission gas release
can be noted as potentially problematic; however, it cannot be said with certainty that this in fact,
will be an issue.
To meet the NRC licensing requirements, several parameters must be shown within
prescribed safety limits to ensure that the fuel pin does not fail. Fuel temperature must remain
below 2200 *C to limit significant plutonium radial migration to the fuel center and to preserve a
reasonable margin for melting. The clad hoop strain must be less than 1%, clad axial strain must
be less than 2.5%, steady state clad temperature must be less than 671K, clad oxidation must be
less than 17% during LOCA transients, and internal gas pressure must be low enough to prevent
ballooning or bursting. Additionally, the plenum pressure should remain below the coolant
pressure to ensure the pellet-clad gap will not re-open at high burnup. These limits, except for
the clad temperature limit, are for a transient so without a transient analysis, it would be wise to
leave an additional margin between the end of life steady state value and the limit. The results
are compared to the NRC limits, however, due to the radically different fuel design; the limits
should not be taken as absolutes. [9]
FRAPCON 3.3 has two different thermal conductivity models for MOX fuel. Analyses
using the Halden thermal conductivity model and the NFI/Duriez conductivity model will be
performed. The NFI/Duriez model is recommended by the FRAPCON manual as the Halden
model over predicts thermal conductivity at high temperatures. [3] Both are recommended for
low plutonia concentration (<7%) and low burnup (<60 MWd/kg). As the peak power sections
of this fuel contain a plutonia concentration of greater than 20% and reaches a burnup of greater
than 100 MWd/kg, these correlations will be non-conservative and there should be an additional
margin on the fuel temperature, fuel swelling, fission gas release, and internal gas pressure.
Shown in Figure 4-4 through Figure 4-6 are the thermal conductivity models for the
temperature range at a burnup of 0, 40, and 80 MWd/kg. The U0 2 model is shown as reference,
along with FRAPCON's two MOX models.
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Figure 4-4: FRAPCON-3.3 thermal conductivity models at 0 MWd/kg
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Figure 4-5: FRAPCON-3.3 thermal conductivity models at 40 MWd/kg
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Figure 4-6: FRAPCON-3.3 thermal conductivity models at 80 MWd/kg
There is a large degree of degradation of conductivity near the beginning of life, which
appears to continue but at a lesser rate throughout the rest of life. Although by the end of life,
the NFI and Halden models are very similar, the difference in the two at the beginning of life
will lead to a somewhat significant temperature difference. As stated above, and seen in Figure
4-4 to Figure 4-6, the Halden model does seem to over predict the thermal conductivity at high
and low temperatures. Although an analysis will be performed with both the NFI and Halden
thermal conductivity models, it would be advisable to consider only the NFI model to ensure
conservatism in the analysis.
4.2.Fuel performance analysis results
The RMWR was analyzed over the five cycles that will make up the entire fuel life.
FRAPCON calculates the heat transfer coefficient by calculating the Dittus-Boelter and the Jens-
Lottes coefficients. The resulting temperature drops are compared and the method with the
lowest temperature drop is selected. The axial power shape was assumed constant through
irradiation, although as discussed earlier, the axial power profile will change as fissile isotopes
are burned and breeding occurs in the blanket regions. The power history is determined by the
expected loading pattern through the reactor core. Fresh pins will be placed several rows from
the periphery and as life continues, they will be moved to the center of the core, where they will
experience the peak power. Finally, the fuel pins will be placed in the periphery for the last
cycle, resulting in the low power.
Using this analysis, several important parameters were calculated through the fuel pin
lifetime, most importantly calculated for the peak power node of the fuel rod. The fuel melting
temperature is reduced to 3000 K with the presence of 20% plutonia. [2] Additionally, the
melting temperature is reduced by 0.5 K for every 1 MWD/kg of burnup. As the conductivity
decreases with burnup and the linear power increases, at least until the fourth batch, the
centerline temperature at the peak power node increases. As can be seen in Figure 4-7, by the
end of the fourth batch, the margin of the centerline temperature to melting is less than 500 K.
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Figure 4-7: Peak power node centerline temperature over life
Due to the atypical axial power profile and short active fuel length, there is a large
variation in the axial temperature. In the hot zones, the temperature is almost 1000 K hotter than
in the blanket, as can be seen in Figure 4-8 for the BOL. Ordinarily this would drive heat
transfer from the hot nodes to the cold nodes; however, FRAPCON ignores axial heat transfer.
Using a simplified calculation, the heat flux from node 4 to node 3 is 27,000 W/m2, while the
heat flux from node 4 to the coolant as calculated by FRAPCON is 850,000 W/m2. This is a
small percentage of the heat flux, but in conditions of higher peaking factors such as a transient,
the axial heat flux could be higher. As of now, it is still a good assumption to ignore axial
conduction and it retains some conservatism.
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Figure 4-8: Axial temperature variation at the fuel centerline at the beginning of life
The high temperature results in a large fission gas release in the peak sections. Figure
4-9 shows the overall fission gas release, the majority of which comes from high power axial
zones. The gas release increases dramatically during the second, third and fourth cycles, but is
relatively low during the first and fifth cycles. By the end of life (~100 MWd/kg locally), 90%
of the fission gas produced in the peak power node is released. As the NFI model has a lower
thermal conductivity as seen in Figure 4-4, Figure 4-5, and Figure 4-6, it has a higher fission gas
release due to the higher fuel temperature. The fission gas release correlation is suggested to be
used below 1200 'C, less than 7% Pu, and less than 62 MWd/kg bumup. As all three of these
criteria are violated, the fission gas release correlation may not be accurate. FRAPCON's FGR
model is very conservative and at high bumup, the correlation does not depict the fission gas
release mechanism well.
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Figure 4-9: Overall fission gas release over life
As discussed above, the majority of the fission gas is released from the high powered regions. In
the highest power regions, the fission gas release is greater than 80% by the end of life, although
the data suggests that the value of 80% is too high. [21] Although the end of life values for FGR
percentages do not average to 40%, as stated in Figure 4-9, recall that the majority of the gas is
produced in the high power sections, so these release percentages must be weighted to reproduce
the above figure.
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Figure 4-10: Fission gas release from each axial node over life
Due to the large fission gas release, there is a large internal pressure increase towards the
end of life. The NFI model again has a higher pressure due to the higher fission gas release, and
a lower free volume due to thermal expansion caused by slightly higher temperatures. As seenin
Figure 4-10, there is large fission gas release in the second, third and fourth cycles, which leads
to a rapidly increasing internal pressure. After the fourth fuel cycle (~42 MWd/kg), the pressure
drops due to the extra free volume of the fuel pin when the gap opens due to a reduction in
thermal expansion. This adds to the free volume and reduces the gas pressure.
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Figure 4-11: Internal gas pressure over fuel life
Axially varying fission gas release
The hoop strain is very responsive to the internal pressure and the mechanical interaction
through the fuel contact. As the fuel expansion due to the high temperature and gas pressure are
large, the hoop strain increases well past its limit by the end of life, as seen in Figure 4-12.
Although the reduction in flow area does not lead a large reduction in the MCPR during steady
state, it is very likely that during a transient there will be excessive expansion of the clad and a
reduction in flow area.
Peak clad hoop strain over life
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Figure 4-12: Clad hoop strain over life at the peak power node
Since the hoop strain is largely dependent on the pellet clad contact pressure, the sections
of the fuel pin where the gap does not close, or the contact pressure does not increase, will have a
very different strain. As the low power sections do not experience any clad-pellet contact, the
hoop strain will be much lower for those sections. Since only a part of the clad expands, only a
section of the pin experiences a reduction in flow area.
Axially varying hoop strain at EOL
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Figure 4-13: Clad hoop strain at the end of life over the axial length
The excessive pressure and strain are interconnected issues for the fuel pin, and currently
are the life-limiting factors. As stated earlier, NRC fuel pin regulations dictate a maximum clad
strain of 1% in the hoop direction and recommend the internal pressure be less than the system
pressure (in this case 7.2 MPa). [10] Since only 5 of the 15 axial nodes reach a strain that
violates the 1% limit, see Figure 4-13, it may be possible to relax the 1% limit (assuming a
transient study has been done). However, at high burnup (>100 MWd/kg), there are no
regulations, and the fragility of the clad at the high burnup may lead to a strain limit of less than
1%. For safe operation, there must be a reduction in the strain and internal pressure.
4.3.Fuel pin sensitivity
4.3.1 Axial peaking factor
As suggested by Hibi et al, [22], the axial power shape may change more radically when
the control rods are inserted or as some sections of the fuel rod burn faster than others. In the
conditions where the core is voided, there may be a shift in the core power distribution. These
axial power shapes are based on preliminary data and should be considered as an exploration into
the effects of a more skewed power shape. Even though the total power and the rod averaged
bumup will stay the same, the peak power node will be subject to much more extreme
conditions.
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Figure 4-14: Skewed and standard axial peaking factors [22]
Figure 4-14 shows the axial power shape for a typical RMWR fuel rod shape and for the skewed
axial power shape. These values for the linear power are for the third cycle when the linear
power reaches its maximum values, and will be modified by a factor based on the cycle number.
The same power history from the previous section is used.
Using this new power profile in the FRAPCON analysis results in a reduction in all of the
safety margins and an increase in some of the life-limiting parameters. The fuel centerline
temperature margin of 400 K present in the design with the original peaking factors is reduced
due to the 20% increase in peak power (to 50 kW/m).
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Figure 4-15: Fuel centerline temperature at the peak power node with skewed peaking
With a high peak fuel temperature, as seen in Figure 4-15, this design would not be
approved for commercial use in reactors. The added asymmetry due to the new axial peaking
shape, leads to a higher fission gas release, Figure 4-16, internal pressure, Figure 4-17, and clad
hoop strain, Figure 4-19Figure 4-18, compared to the original design, even at a lower burnup.
The fuel performance is very sensitive to the axial peaking shape, as a more uneven shape (i.e.
with higher peaking) will reduce the margins to failure in the peak power pin. Should the axial
power shape be so sensitive to the control rod insertion or other transient that skews the power
profile, perhaps there should be an overall reduction in power.
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Figure 4-16: Corresponding fission gas release with modified axial peaking
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Figure 4-17: Internal gas pressure with modified axial peaking
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Figure 4-18: Clad hoop strain with modified axial peaking
4.3.2 Clad Thickness
To be licensed, the fuel rod design will likely need to be modified in some way. The clad
strain and internal gas pressure are both excessively high just at the end of life in the steady state
analysis. Should a transient occur towards the end of life, it is likely that the fuel pin will fail.
Rather than a drastic redesign, adjusting some of the parameters may be sufficient to improve the
safety of the fuel rod and obtain regulatory approval. The following analysis was performed
using the NFL thermal conductivity model, although the same effects and trends are present in the
AC design or with the Halden conductivity model.
By increasing the clad thickness (originally 0.60mm), the clad strain decreases as the clad
becomes more resistant to dimensional changes. This has almost no effect on the gas pressure as
seen in Figure 4-19, but it seems that there is enough of a benefit of a lower strain, Figure 4-20,
to make up for the slightly increased pressure. However, by increasing the clad thickness, the
outer diameter must increase as well to keep the fuel volume the same. This leads to a reduction
in overall flow area, as the increase in thickness is greater than the decrease in strain (and
therefore expansion). It may have no effect in steady state, as there appears to be some extra
margin in the MCPR, but may be more problematic during a transient.
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Figure 4-19: Gas pressure sensitivity to clad thickness changes
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Figure 4-20: Clad strain sensitivity to clad thickness changes
4.3.3 Plenum Length
The plenum length is calculated by equating the free volume of the fuel rod to the volume
of a rod with the same diameter and finding the length. In addition, we assume that every part of
the plenum and the open gaps of the fuel can communicate with each other, as it does in a typical
fuel rod. Increasing the plenum length (originally 0,136 in), causes the free volume to increase,
reducing the gas pressure, as seen in Figure 4-21. However, it appears that the majority of the
clad strain is due to the contact pressure from the fuel pellet, so the strain is not decreased, as can
be seen in Figure 4-22. The disadvantages to this is that there requires additional free volume in
the rod either by extending the length even further or removing some of the reflector to
accommodate free space.
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Figure 4-21: Gas pressure sensitivity to plenum length changes
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Figure 4-22: Clad strain sensitivity to plenum length changes
4.3.4 Gap Thickness
By increasing the gap thickness, the gas pressure increases due to higher fission gas
release caused by higher fuel temperatures at the beginning of life. However, an increase in gap
size greatly reduces the clad strain; see Figure 4-24 by reducing the duration and intensity of the
contact pressure with the fuel. The reduction of the margin in fuel temperature is a competing
safety risk that will have to be addressed depending on the safety requirements for the maximum
allowed strain for this fuel configuration.
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Figure 4-23: Gas pressure sensitivity to gap thickness changes
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Figure 4-24: Clad strain sensitivity to gap thickness changes
4.3.5 Fuel Density
Another approach to reduce the pressure is to increase the free volume by decreasing the
density of the fuel. This will allow more as-fabricated pores to accommodate the fission gas. As
the density is decreased, the gas pressure in the fuel rod is reduced by a factor of two, as seen in
Figure 4-25. This will satisfy the pressure recommendation of [10], however, the strain actually
increases with a fuel density decrease, as seen in Figure 4-26.
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Figure 4-25: Gas pressure sensitivity to as-fabricated density
Figure 4-26: Clad hoop strain sensitivity to as-fabricated density
Seen below, the fuel temperature increases linearly with a decrease in density due to a
reduction in thermal conductivity. At this temperature and at the pressures experienced by the
fuel rod, there should be some compression of the bubbles and pores in the fuel. As FRAPCON-
3.3 uses a rigid pellet model and ignores central void formation due to porosity migration, a
decrease in density only has the consequence of a reduction in thermal conductivity.
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4.4. Summary
In summary, the RMWR design is viable from a thermomechanical point of view,
assuming some design changes. Depending on the results of a transient safety analysis, the
margins for some of the parameters, such as fuel temperature may need to be increased. The
NRC limits on clad strain and internal gas pressure are violated in the pins due to its high axial
power peaking. Some reduction in the gas pressure and the clad strain is needed for the high
burnup region of the fuel pin to fit within the NRC guidelines, which could be accomplished to
some degree by altering the plenum length, the initial fill gas pressure, and the initial gap size.
The large clad hoop strain is a concern from the perspective of reducing the flow area and
increasing failure probability of the clad, design changes or model changes could affect that.
Concerning licensing, it is possible to reduce the clad strain and internal pressure to values that
are more typical of standard fuel rods. In addition, it is assumed that the improved fuel behavior
models proposed in the next section will change the results of this analysis, so it is possible that
some of the fuel pin properties will need a more radical change than the suggestions here.
In the case of a less uniform power distribution, the safety margins are reduced to the
point where the fuel melts without any transient. Most importantly, there should be some study
of transients to check whether the fuel pin fails if the axial power shape shifts. Without a
transient analysis, it seems the fuel temperature margin is too small to assume no melting during
an accident.
4.5.FRAPCON analysis limitations
As discussed earlier, FRAPCON-3.3 contains some correlations and models that are not
appropriate for this design. The steep axial gradients in temperature may allow Cs to migrate
down the gradient and that may lead to excessive fuel swelling. Significant iodine release is
expected at the high inner region temperatures, which may increase the stress corrosion cracking
of Zircaloy in case of a power ramp. By ignoring axial conduction and especially sintering of the
fuel pellet, the analysis may be too conservative. Many of FRAPCON's models are not valid at
such a high temperature, burnup, or plutonia concentration and neutron spectrum. As discussed
earlier, there is some uncertainty regarding the thermal conductivity, and the fission gas release
correlation is not in the correct range. The actual fission gas release should be lower but the
FRAPCON model should be conservative in these conditions. The lower fission gas release
would result in a lower internal pressure at the end of life. Furthermore, the FRAPCON
mechanical model treats the pellet as rigid, which is a good assumption with the fuel at lower
temperatures and the fact that zircaloy is rather malleable. FRAPCON's swelling model is rather
empirical and could significantly underestimate the fuel behavior at temperatures above 1200 *C.
Porous fuel at high temperatures could be compliant but the high-density case analyzed in this
report will not allow for a porous fuel and the fuel would remain rigid. Hence, the analysis
performed here for the clad strain is likely an underestimation.
5. FRAPCON EP model development, validation, and results
The changes discussed above will be introduced to FRAPCON-3.3 to improve its
accuracy at high temperatures. As seen in the flow chart in Figure 5-1 from [11], new functions
will be added (seen in bold) and one new iteration loop will be added. The desired range of the
functions is for a temperature up to 2500K and a burnup up to 100 MWd/kg. The large
temperature gradient experienced by the fuel at high burnup demands that the new models be
applicable for the large temperature range to accurately predict the fuel rod response. The
material properties will be specified for the expected fuel (UOx or MOX) to be used in a light
water reactor.
The models to be added or changed are:
" New thermal conductivity model (new)
e Pressure sintering and porosity migration effects are included (new)
e Modifying swelling limits for high temperature (changed)
* Cesium swelling model (new)
e Solid fission product swelling model (new)
" Fission gas release model (new)
" Axially varying material properties (new)
e Oxygen to metal ratio effects due to burnup (new)
* Axial cesium migration and Cs oxide formation (new)
These new models will be verified by themselves using experimental data. Next, they
will be verified against FRAPCON-3.3 by comparing the results to a typical LWR fuel to
demonstrate that the models produce reasonable results when combined, and more importantly
that the analysis of the low temperature regions of the RMWR fuel pin will be accurate.
A comparison to a similar code, FEMAXI-RM, shows that this code is more complete.
[6] FEMAXI-RM uses the same fission gas release model, which was suggested by White and
Tucker [23]. However, the swelling model is simple, similar to the model given by FRAPCON-
3.3 as it is linear with bumup and furthermore, the fission gas release and swelling models are
not coupled. The fuel pellet properties in FEMAXI-RM are the same as in FRAPCON-3.3.
Porosity migration and pressure sintering are both neglected, even though the fuel temperature
with the FEMAXI-RM design is expected to be over 2000 K for a part of life. Lastly, axial
Cesium migration and precipitation is ignored by FEMAXI-RM. Because of the differences in
the swelling model, the porosity migration, and pressure sintering models, the FEMAXI-RM
analysis will provide different results, especially at the high temperatures expected (as seen in
Figure 4-7).
5.1.Modifications to FRAPCON
The addition of the new functions, and more importantly the additional iteration loop,
will cause an increase in the computational time. This extra time however, will help avoid
computational errors as the pressure sintering function that can could lead to unrealistic densities
(>100%) when the time step used by the function is large. Since the pressure sintering function
is in the innermost iteration loop, the long computational time for the function is magnified. The
new functions and iteration loop are in bold.
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5.1.1. High Plutonium concentration thermal conductivity model
As the current MOX thermal conductivity models used by FRAPCON are applicable for
a Pu concentration in the heavy metal of less than 7%, and are recommended for a burnup less
than 62 MWd/kg, [2] some investigation is needed to determine the suitability of the current
model or the need for an improved model for use in FRAPCON.
Fuel Engineering and Structural analysis Tool (FEAST) is a code developed at MIT to
analyze fuel pins in sodium fast reactors. [24] The thermal conductivity model used in FEAST is
based on the recommendations of Inoue et al [25]. It is similar to the current FRAPCON models,
where there is a base thermal conductivity (ko) and several modifying factors that degrade the
thermal conductivity. The base thermal conductivity is the sum of the electron conductivity and
phonon conductivity. However, compared to the NFI base thermal conductivity this model
contains a different dependence on the oxygen to metal ratio (x). The base thermal conductivity
is given in eq. (5-1).
k0 = 1 +4.715E9
k4.-15E2 exp( 16361/T) (5-1)
0.06059+0.2754 - O/MI +2.011E - 4* T T
The final conductivity, kmox, is the product of ko and four corrective factors.
=k * F, F2 *F *F4 (5-2)
F1 is the effect of dissolved solid fission products, F2 is the effect of precipitated solid fission
products, F3 is the effect of radiation damage, and F4 is the effect of porosity, shown below.
1.09 0.0643 jT'ta 11
1 2 + 1.09 0.0643 (
3.265 +06
F2 =1+ 0.019/? -1200 (5-4)
(3 - 0.019fl) * (1+ exp( 100
0.2F =1- 02(5-5)3 1 exp T 
- 900 )80
F4 =1- aP (5-6)
Where p is the burnup in atom %, T is in K, P is the porosity, and a is a factor based on the
bubble size. The factor a is modified in [24] to account for restructuring. Before restructuring
has occurred, a = 1.5 due to the large bubbles present in the fuel, but after restructuring, the pore
size reduces and a = 2.5 . [24] This conductivity correlation is more complete than either the
NFI or Halden correlations and can be used as an indicator of a better model.
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At high burnup and temperature, the NFI and Halden models seem to overestimate the
thermal conductivity. If the Inoue et al model were to be used, the fuel temperature would be
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higher at the beginning of life, due to a lower integral thermal conductivity at 0 MWd/kg, but by
the middle of life, the Inoue model would return a lower temperature than the NFI model.
Since neither the U0 2 nor the Halden correlation have a dependence on the oxygen to
metal ratio, they will not be shown for this section. With a deviation from stoichiometric fuel,
the thermal conductivity will decrease. As seen below, the NFI model is much more sensitive to
these changes in Oxygen to metal ratio than the Inoue model. The O/M ratio will increase
throughout life, so the thermal conductivity will change as well. This effect is not included in
FRAPCONEP, but when considering which model to use, it may be advantageous to pick the
Inoue model, which will not overstate the importance of the O/M ratio, with the O/M ratio being
equal to 2-x.
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Figure 5-5: Excess oxygen effect on NF thermal conductivity
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Figure 5-6: Excess oxygen effect the Inoue thermal conductivity
In addition, during irradiation, the O/M ratio increases with burnup. This effect is
captured by increasing the O/M ratio by 0.005 * Apl, where Ap8is the change in burnup in aft%
There is an upper limit placed on this equal to 2, above which, all of the excess oxygen is used to
form oxide compounds with the metal in the fuel. This is included because of its effect on the
thermal conductivity, and to anticipate for future models on the fuel chemistry.
5.1.2. Porosity migration and central void formation
The formation of a temperature gradient in the fuel leads to a movement in the as-
fabricated pores against the temperature gradient. [26] For typical LWR fuel rods, the peak fuel
temperature does not exceed 1500 "C, therefore, the thermal diffusion through the fuel is
relatively small. However, the RMWvR has a peak fuel temperature over 2200 'C, and movement
of the pores in the fuel is expected. The movement of pores to the center of the fuel leads to the
formation of a central void and the densification of the high temperature regions. This process is
very quick compared to the time steps used in FRAPCON (hours vs. days). Because of the large
temperature gradient, it is assumed that the pores only migrate in the radial direction.
According to [26], the porosity migration can be quick enough to reach steady state and
the radial density distribution can be based on the local temperature. There is a continuous
source of pores from cracks that are formed in the fuel or from fission product swelling. For a
transient case, the pore velocity should be considered, but that is beyond the scope of this
analysis. The pores are lenticular or "cigar-shaped" oriented with their principal axis aligned
perpendicular to the temperature gradient. As seen below, the pores migrate to the central region
of the fuel pellet, and then agglomerate to form a central void.
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Figure 5-7: The formation of a central void in an irradiated fuel pin 1261
Near the central void, the fuel grains form long columnar grains with a higher density than the
original pellet density. Farther out, the grains form equiaxed grains, which have a lower density
than the columnar grains, and finally, the farthest region from the center experience no changes
from the original fuel pellet. [26]
As-fabricated grains Equiaxed Grains
Figure 5-8: The three regions of a restructured fuel pellet [26]
The work of Marr and Thompson [27] show suggested values of the temperature for the
beginning of grain restructuring and for the corresponding density values of those restructured
regions.
Table 5-1: Fuel restructuring density and temperature [271
Fractional fuel
density Temperature [*C1
Peqi Pcol Teqi Teol
Atomics International 0.95 0.98 1600 1800
General Electric 0.97 0.99 1650 2150
Karlsruhe as-fabricated 0.95 1300 1700
Westinghouse 0.97 0.99 1600 2000
According to [27], the results in Table 5-1 are dependent on many variables that have not yet
been considered. Therefore, we are allowing a continuous relationship between temperature and
density in this model. Translating Table 5-1 to the figure below seems to show a linear relation
between the temperature and density in the region of 1300 'C and 1900 *C.
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Figure 5-9: Fuel restructuring and density for as-fabricated density of 0.90
According to Ozawa and Abe [28], the kinetics of pore migration limit the maximum density to
97.7% TD, which corresponds to a temperature of 1750 'C. This will be used as the upper limit
of the MOX density due to pore migration. It is possible that in these experiments, the density at
higher temperatures was artificially high due to some other factor such as pressure sintering,
which is entirely likely because of the high temperature of the fuel pellet. For the model used in
FRAPCONEP, a density will be assigned to each fuel node based on the temperature; with a
linear extrapolation between the upper limit of 97.7% TD and the as-fabricated density.
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Figure 5-10: Steady state porosity migration model for 80% and 95% fabricated density
5.1.3. Pressure sintering model
Currently, FRAPCON's fuel-clad interaction uses the assumption that the fuel pellet is
rigid. At the typical LWR fuel temperatures, this is a good assumption, as thermal creep is very
small, and the elastic modulus of the oxide fuel is larger than that of the cladding. However,
with the high power generation of the RMWR fuel rod, there is an increase in fuel pellet
temperature by almost 1000 K, while the temperature (and strength) of the clad remains constant.
With the high fuel temperature, the rigid fuel pellet is no longer a good assumption. In order to
improve the accuracy, a soft pellet (or pressure sintering) model will be included. Although this
will not change the fuel-clad mechanical interaction model, it will reduce the contact pressure on
the clad by reducing the fuel pellet radius.
The pressure sintering model is driven by the diffusional creep mode developed within the range
1600-1700 K and 2-6 MPa. Note also that at higher temperatures, the sintering is a very
effective mechanism, but at temperature below 1500 K, the irradiation dominates over the
thermal creep, hence it is assumed that the usage would be feasible for the steady state operating
conditions. The lattice diffusion creep equation was fit to data for urania fuel and MOX fuel.
[29] Equation (5-7) is the model for urania, with the value of Q given in eq. (5-8), and eq. (5-9)
is for MOX fuel.
1 dp 1 2.7 P ~
- =48939 
_eRT (5-7)
pdt p TG2
20-81ogx-1.991+1.0
Q = R * 9000e - +36294.4 (5-8)
1 dp 21p P -450000
- 1.8E7 _Te RT (5-9)
pdt ( P TG2
Where p is the fraction density, P is the external stress minus the internal pressure in Pa, T is the
temperature in K, R is the ideal gas constant in W/mol*K, G is the grain size in pm, and Q is the
activation energy in J/mol. In this form, there is no lower limit to the density rate of change,
which is non-physical for reactor conditions. The thermal creep is accounted for, but athermal or
irradiation creep must also be considered. This will be accomplished by restraining T to a value
that will be able to simulate the irradiation creep. The thermal creep rates and athermal creep
rates of MOX fuel with 25% Pu by weight are given by [30] and [31] respectively as in eq. (5-
10) and (5-11),
3.23E9 92500
Lthermal 2 O exp(- ) (5-10)
d RT
C athermal =1.78E - 200-qo (5-11)
where d is the grain size in pm, a- is external stress minus the internal pressure in MPa, R is the
universal gas constant in cal/(mol*K), T is the temperature in K, and (a is fissions/cm 3/s. To
find the equivalent temperature of the athermal creep rate we will equate the thermal and
athermal creep rates and solve for the temperature called T*, seen below.
-92500
T =R n(1.78E - 20pd2 /3.23E9) (5-12)
The temperature used in eq. (5-7) and eq. (5-9) is the higher of T* or the input temperature T
determined by the heat transfer alone.
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Figure 5-11: Equivalent temperature that simulates athermal creep
When solving for the density during a time step, the function must be repeated for small time
steps until the density converges or the time step is finished. It is possible to overestimate the
pressure sintering effect, especially when the initial density is low.
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Figure 5-12: Pressure sintering effect after 1 day for different time steps
As seen in Figure 5-12, the pressure sintering effect is very different depending on the time step.
It is physically unrealistic for a low-density pellet 0.70) to be compressed to such a high final
density compared to a higher initial density pellet (0.80), as well as returning final density values
greater than one. Since dp / dt is proportional to1 / p, the sintering rate increases very quickly
for low density and can cause incorrect density values. Although the as-fabricated density is
typically above 90% TD, it is expected that there is considerable gas swelling in the fuel, which
would lead to a reduction in density as swelling increases. At even higher temperatures (>2000
K), the time step should be adjusted to provide reasonable final density. Seen below in Figure
5-13, the steady state density value increases dramatically after 1750 K. The pressure sintering
has a very large effect when the fuel pellet softens. At higher pressure, the pressure curve is
shifted to the left, where the density increases dramatically at lower temperatures.
101
Pressure sintering of MOX fuel
1.01
14-- I
0 0.990 98-+5 MpaS0.98g 0 97 -l10 Mpa
0.96 20 Mpa
0.94
0 500 1000 1500 2000 2500 3000
Temperature (K)
Figure 5-13: Pressure sintering of MOX fuel at 5 MPa
5.1.4. Fission gas release model
A new fission gas release model is adopted here. It is intended to accurately describe the
effects of high temperature, high burnup, and high Pu concentration on fission gas release.
According to [2], the FRAPCON-3.3 fission gas release model is recommended for a
temperature range of 300-2300 K, a burnup of less than 62 MWd/kg, and a Pu concentration less
than 7%. At the peak power node of the RMI\WR at BOL, all three of these recommendations are
violated. As seen in Figure 4-9 and Figure 4-10, the overall fission gas release and the fission
gas release from the peak power node are both rather high, which results in a high gas pressure.
As the fission gas release appears to be a problem, a more accurate model is desired.
A mechanistic fission gas release model is proposed by White and Tucker [23], which
uses a two step release process. First, the fission gas diffuses from the grains to the grain
boundaries, where it builds up in the form of lenticular face bubbles. Then the gas is released
through a tunnel network between the grain edges once the gas atom concentration has reached a
saturation level. [23] The grains of U0 2 can be approximated as tetrakaidecahedrons (TKD),
which have 14 faces, 6 of which are square, and eight of which are hexagonal. This shape packs
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very tightly, so all available space is occupied by the grains. [23] The tight packing of these
grains allows us to assume that each grain face is occupied by 2 grains, each edge is occupied by
3 grains, and each corner is occupied by 4 grains. In order to simplify the calculations the grains
can be approximated as spheres with a grain radius a, that contains the same volume as a TKD
gram.
Figure 5-14: Formation of lenticular gas bubbles on the grain edges of U0 2 [321
For U0 2, the bubbles that are formed have a prescribed shape based on the ratio of grain
boundary surface energy to surface energy. As discussed in Section 5.1.2, the bubbles formed in
the U0 2 fuel are lenticular. According to [32], the angle 0 of the gas bubbles formed between
the grains is 50'. As gas is supplied to these bubbles, they agglomerate to form an interlinked
tunnel, which releases the fission gas then collapses. This cyclic process continues until the
corner bubbles, the bubbles that occupy the space between four grains, inflate, which results in a
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permanent network of tunnels. Although single bubbles release fission gas in a step-wise
fashion, it can be assumed that once saturation is reached in a temperature zone, the fission gas
released from the grain travels to the plenum. By the time saturation is reached, radial cracks
have would already formed in the fuel due to the high temperature gradient experienced by the
oxide fuel.
Figure 5-15: Fuel cracking caused by high temperature gradient [26]
This cracking allows movement of gas through the fuel pellet and it is assumed that the released
gas reaches the plenum through diffusion in the tunnel network. [23] Combined with this is the
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effect of porosity migration. Many of the pores contain fission gas and as the pores migrate to
the center of the pellet occurs, fission gas is deposited in the central void. As stated in 5.1.2, the
pores will migrate to the center of the fuel and with a constant source of pores from grain
boundaries; it can be assumed that there is continued fission gas release to the central void. [26]
Using these assumptions, the gas pressure of the central void and the plenum are set equal and
that all the gas released from the grains is deposited in the plenum.
5.1.4.1 Diffusion from an ideal grain
To calculate the arrival of gas atoms at the grain boundaries, Booth's approach is used.
[33] This model assumes an ideal, spherical grain and treats the diffused fraction as the fraction
reaching the surface of the grain. As stated above, the grain shape is tetrakaidecahedral, but due
to the simplicity and relative accuracy of the spherical grain, it will be used in the model with a
grain radius a. The gas diffusion equation is shown below and must be satisfied at all points in
the grain.
-= DV2 C + # (5-13)
at
Where D is the diffusion coefficient, # is the gas production rate per unit volume, a is the grain
radius, and t is the time from the beginning of irradiation (not the current time step). This is
subject to the boundary conditions c=0 everywhere at t=O and c=O at r-a for all time. According
to [33], integrating the mass flux across the boundary yields the fractional release, fe,
6 * 1- exp(-gr2 * n2 * 0)
fe =1I- (5-14)) n=1 (nrr)
where o is a non-dimensional diffusion coefficient where o D*t/a2. The value of each term of
fe decreases as n -- oo, so for the algorithm, a limit will be placed on the terms calculated. As
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seen below, at high release fractions, only the first term is needed to until the curves converge.
However, for a low release fraction case, at least ten terms are needed, but for the sake of
accuracy, twenty terms will be used.
Calculated fraction diffused to grain boundary
0.8-
e 0.7-
V
& 0.6-
C
0.5 -
0
0.4
0.3- n=1
n=2
u. 0.2- n=5
n=10
0.1 n=20
n=100
0 ' r r r r r r r r
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Non-dimensional diffusion coefficient
Figure 5-16: Fraction diffused to grain boundary calculated with various numbers of terms
5.1.4.2 Diffusion coefficient and trapping
To calculate o, the grain size a is needed and assumed constant throughout life, the time
t is calculated from the beginning of irradiation (when there is no fission gas present in the fuel),
and the diffusion coefficient must be calculated based on the properties of the fuel node. The
diffusion coefficient is calculated as, [24]
-35000 -15000_
Dga=7.6E -10 * exp( )+ R 2.3E - 20 * exp( -15000 +3E-26IT T (5-15)
with T as the temperature in K, and R as the power rating in W/kg. The coefficient is called Das
in order to differentiate it from the other diffusion coefficients discussed later.
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The gas diffusion through the grain is impeded by the formation of small gas bubbles,
which act as traps for the fission gas during diffusion. [34] These traps saturate quickly, so it
can be assumed that they are constant in size and number throughout irradiation life. [23] The
trapped gas in these bubbles can be described by the equation,
dm= gc - b'm (5-16)
dt
where g is the absorption probability into the traps (by the dissolved gas, c) and b' is the
resolution probability of gas (by the gas in the matrix, m). By including the trapped gas into the
diffusion equation, eq. (5-13), this changes the equation to,
-- = DV 2 c + #+ b'm - gc (5-17)
at
The total gas concentration y', can be expressed as V/ =c+m, so eq. (5-17) becomes,
V= D V 2 (5-18)
at b'+g
An effective diffusion coefficient can now consider the effects of gas trapping and be described
as,
D'= D (5-19)
b'+g
To solve for the new diffusion coefficient, b' and g must be considered separately. To
evaluate b', the destruction rate of the gas bubbles by fission fragments is considered, along with
the bubble size distribution. The concentration of bubbles in the matrix is required, which can be
calculated from the time dependent equation, [23]
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dCt'
B = 2Fa - 2 1rFl, (R + Z B )2 C' (5-20)
dt
where F is the fission rate, 1f=6 * 10-6 m, which is the fission fragment range, a is the number of
bubbles generated per fission, Zo=10-9 m, which is the damage radius of the fission fragment, R is
the mean bubble radius, Cb is the gas bubble concentration per in 3 , and D is the gas diffusion
coefficient. This equation states that the bubbles can be destroyed by interaction with any fission
fragment that is within Zo of the gas bubble, and at high fission rates, there is a lower probability
of capture by gas bubbles because they are destroyed at a quicker rate. The steady state value of
Cb can be found with by solving the above equation, or by using the following relation. In
addition to the concentration, the average radius of the bubbles must be found, [23]
Cot 1.52E27 - 3.3E23 (5-21)
T
In addition the concentration, the mean bubble radius can be calculated by an analytical relation,
[23]
R = 5E -10(1+106 exp(-0.75 / kT)) (5-22)
Speight [35], found the bubble size distribution (CB(R)) in order to find the resolution rate of gas
back into the fuel matrix. The value of b', according to White and Tucker [23] is,
JCB(R)(R + ZO)2R3dR CB(R)dR
b'=2F7d,(R+ZO)2 0 0 (5-23)
JCB(R)(R + ZO)2dRJCB(R)R3dR
0 0
By integrating the bubble concentration given by Speight and solving, White and Tucker found
that,
b'= 3.03F *r*l(R + Zo) 2  (5-24)
In addition, the capture rate of bubbles, g, can be found by [34] as,
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g = 47rRC,"D
The new diffusion coefficient has an especially large effect at low power and low temperature, as
seen in Figure 5-17.
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Figure 5-17: Diffusion coefficient reduction due to gas trapping at 30000 W/kg
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Figure 5-18: Diffusion coefficient reduction due to gas trapping at 1500 K
5.1.4.3 Fission gas release from bubbles
The saturation limit of a gas in a lenticular bubble on the grain boundaries can be
characterized by a force balance on the bubble, where P = 2 / rb.bbl, + C,,. The volume of these
gas bubbles can be calculated as
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(5-25)
V= 3 f,(0) (5-26)
3f
ff(0)=1 -3/2cos(0)+l/2cos 3(0) (5-27)
With 0=50' for U0 2 and rf is the projected bubble radius. Using the ideal gas law, the number
of gas atoms in the bubble can be characterized as,
N = PV /RT= f(0) ± +PjJ (5-28)
3kT r, "
where N is the number of atoms, V is in m3 , and P is the external pressure. The number of atoms
saturates when a fraction, fb, of the grain boundaries is covered by gas. [23] As the project
radius of each bubble is rf*sin 0, the saturation concentration (atoms/m 2) of a gas over the whole
grain boundary is,
N)" 4rffb 2()r +P (5-29)
3kT * sin 2 (0) ( rf
where Nf is the atomic concentration per grain area fb=0. 2 5 and rf=0.5 jim. The value of Nfrmz at
constant pressure is plotted in Figure 5-19.
Figure 5-19: Saturation concentration of fission gas at 3 MPa
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When high external pressures are applied to the fuel pellet, and therefore the grain, the value for
Nf,max will increase linearly with the applied pressure. This leads to a reduction in fission gas
release at high temperatures because the external pressure prevent the gas bubbles from forming
the interconnected tunnels that lead to fission gas release. When at saturation, if the temperature
increases, the grain will release a large amount of fission gas during the time step due to the
reduction in Nf,max. As seen in Figure 5-20, the release during the temperature ramp is much
greater than the release during steady state operation.
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Figure 5-20: Fission gas release per time step from one grain at 400 MW/M3
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Figure 5-21: Cumulative fission gas release from one grain at 400 MW/m 3
Using the diffused fraction to the grain boundary, fe, the change in gas atom
concentration (Nf) at the grain boundaries is calculated as suggested in [23, 35]. The change in
the gas atom concentration is proportional to the Booth flux, defined as follows.
- 1 d M3ft
#Booth = ~~4 3 (5-30)
41ra 2 dt
For a single time step, many of the terms in the derivative of the Booth flux can be removed.
The Booth flux can be separated into discrete intervals where dt is the current time step, t is the
total irradiation time, and f,0, is the fe value from the previous time step.
#Booth c dt (-31)
Atoms on the grain boundary can re-dissolve into the grain from the boundaries. There is
a probability b, that the gas atom re-dissolves and diffuses to a distance of 6. The concentration
at the distance 3, called the resolution depth, is C " is assigned to determine the reduction in gas
flux to the grain boundary. By equating the diffusive flux and the resolution flux, the
concentration C' can be found.
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C6 =b,N, /2D
The product by 5 is assigned a value of 2* 10-13 m/s. As a result of the resolution layer
concentration, the Booth flux is linearly reduced. The change in gas atom concentration at the
grain boundary can be expressed as related to C0 the gas atom concentration in the fuel, and can
be defined as the total production of gas per unit area.
dNf CO -( C533dt - ?Booth * (5-33)
When the value of Nf reaches that of Nmax, fission gas is released so that at the end of the time
step, Nf Nmax.
5.1.5. Swelling model
The use of high temperature fuel rods exposes the most glaring weakness of FRAPCON
at high temperatures, the gas swelling model. As seen in section 4.5, there is no difference in
swelling at 1000 K and at 2000 K. All gas swelling is ignored by FRAPCON-3.3 as there is very
little gas swelling at the low temperature typical of LWR fuel pins, which are typically operated
below 1200 'C. In addition to the gas swelling, at high temperatures, the Cesium swelling can no
longer be represented by a linear increase with burnup. In addition, the swelling limit on the fuel
must be increased. In the current version of FRAPCON, the limit is 5% volumetric swelling,
where as high temperature fuel pins may experience swelling in excess of 20%. [21] There are
three types of gas swelling: face, edge, and corner swelling. For the strain calculations by
FRAPCON, outward swelling is defined as positive, inward swelling is defined as negative, and
the total swelling is defined as,
S,,, = [(AVIV 0 )gs + (AVIV)l ± (Aviv)FP + (Avv 0 )hot press +(AVIV 0 dens / 3 (5-34)
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(5-32)
where each term is representative of a swelling mode to be defined later, with the exception of
(AVIV )d, which is the irradiation induced densification, which remains the same as the
model in FRAPCON-3.3.
Face bubble
0 \,
Figure 5-22: Interlinked tunnels after the initiation of fission gas release and tunnel interlinkage [241
For all gas swelling models, it is assumed that the gas bubbles grow through gas supply and that
growth via vacancy migration to the gas bubbles is negligible. [23] With the ability to calculate
high gas swelling, the porosity of the fuel will be increased with high swelling.
5.1.5.1 Grain face swelling
The formation of the lenticular bubbles containing fission gas on the grain boundaries has
the consequence of causing the fuel to swell to accommodate the bubbles. To find the face
swelling, the volume of gas surrounding each grain face must be found. Using eq. (5-26) and eq.
(5-27), the volume of the gas of one bubble can be found. According to [36], the concentration
of face bubbles around the grain per m2, cb, can be related to temperature by:
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3 3 12 0
Cb = 1928 * eXp(T ) (5-35)T
There is an upper limit on Cb that dictates that it cannot be higher than 101 bubbles/m2 . From the
fission gas release model, the value of Nf is known. Therefore, N (the number of atoms in one
bubble) can be found by dividing Nf by the bubble concentration cb. Equation (5-28) can now be
solved for rf. The grain face swelling at various temperatures is shown below.
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Figure 5-23: Bubble face swelling at q"'=500 MW/m3
The face bubble swelling saturates with the onset of fission gas release. Once Nf reaches Nmax,
the face bubbles do not grow any further. In addition, as the value of the diffused fraction, fL,
dictates the value of Nf, the heat generation rate affects the rate at which the face swelling
increases, but not the steady state swelling value once fission gas release has begun, as seen in
Figure 5-24.
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Figure 5-24: Face swelling at various volumetric heat generation rates
5.1.5.2 Grain edge swelling
Face bubble swelling does not fully capture the effects of gas swelling of the fuel. The
junction between two grains, the faces, occupies most of the surface area of the grain. However,
the edges and corners can have substantial swelling. The edge swelling is modeled as a tube that
follows the path of the grain edges. This tube is represented by a radius of curvature rt that
determines the fractional surface area and fractional volume occupied by the edge tunnels. [23]
The fractional grain boundary area and the volumetric swelling due to a tunnel of radius rt, can
be expressed by the following two equations, with a being the ideal grain radius.
ASrr
=1.29 -0.6041 - (5-36)S a a
2 3
AV' r (57AV=0.5104 
-' -0.1613 
-'-3 (5-37)
V a a
The grain edge tunnels are formed by the inflation of gas bubbles followed by the tunnels
collapsing into larger bubbles, with a net increase in gas volume. This process is cyclical and
repeats itself until the edge swelling reaches 6% upon which, the tunnels become stable and do
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not decrease in size. Two time parameters characterize the formation of the edge tunnels, to and
tc, which are the pinch off time and the coalescence time. The pinch off time describes the time
that it takes for the tunnels to collapse into bubbles and the coalescence time is the time that it
takes the bubbles to inflate into a tunnel. For every complete cycle (to+te), there is an increase in
tunnel radius by a factor of 1.12*a 2. [23]
I_ o
t-c
(4)
Figure 5-25: Edge tunnel collapse and coalescence [231
The radius change can be described by,
dr, = r,(0) (1.12a 2 -1) (5-38)
dt to +t,
where rt(O) is defined as the initial tunnel radius taken here as 5E-7 m. The constants a1, seen
below, and a2 are fitting parameters that are determined by the dihedral angle of the gas bubbles.
For U0 2 or MOX, the angle is 50'. The value of a1 is approximated as 0.04 to 0.4 and a2 is
approximated as 1.5 to 4.0. [23] The below equations are all defined based on the assumption
that the fuel has a dihedral angle of 50'
to =a D r (539)
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te = 0.11452 7r(a 2rt,) 134037 + P., (5-40)
kT* Re a2 r, )
with Re equal to the flux of gas atoms to the grain, Ds is the surface diffusion, and fl is the
atomic volume. Before the grain bubbles reach saturation, R, is defined by the fraction of atoms
that directly diffuse to the grain edges, eq. (5-41). After saturation, the face bubbles have
reached a constant size and any gas that diffuses to the grain faces, continues moving to the grain
edges and Re can be defined given in eq. (5-42), using eq. (5-33).
Re = 0.73 * a * -- * (5-41)
S dt
- dNf
Re = 0.73 *a* * (5-42)
dt
The surface diffusion coefficient D, is given as [36],
-2 2876E4D, = 1.38E -6 * exp( ) (5-43)
T
Notice that this diffusion coefficient is dependent only on thermal diffusion. In order to take into
account the effect of irradiation enhanced creep, the value for D, is assigned to the greater of Ds
or Dgas eq. (5-15). Edge swelling is shown below for a wide temperature range. At the point
where fission gas release is initiated, the tunnel rapidly swells because the diffusion of atoms
now leads directly to the tunnels because the face bubbles are now saturated.
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Edge swelling at 500 MW/mA3
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Figure 5-26: Edge swelling at q"'=500 MW/m3
5.1.5.3 Grain corner swelling
The grain corner swelling is defined in a similar manner to the edge swelling. However,
corner swelling is initiated by the collapse of edge tunnels into distinct bubbles, as in Figure
5-25. According to [23], a corner bubble is not formed until rt has reached a certain limit. The
work of [37] describes the equation of the edge tunnel volume to the corner bubble volume and
the resulting initial volume of the corner bubble. Shown below in Figure 5-27 is the growth of
two corner bubbles from their formation to the limit of growth.
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Figure 5-27: Growth of grain corner bubbles [23]
Once the grain tunnel has reached a value of r, = (7r / 6 JF2 3 /(2 * a2 ), a corner bubble will form
with an initial radius of re(O)=0.4956*a. There also is an upper limit on the size of the corner
bubbles. When the distance from the center of the bubble to its vertex is equal to half the grain
size, the bubble can no longer grow. This limit occurs at rc=0.88a. The growth from 0.4956a to
0.88a is always achieved during the time %*to+7/4*te, when the corner bubbles reconnect to form
a tunnel. The time constants relation to the bubble growth rate are shown below.
dr_ 4*r(0) (544)
dt 3t + 7t
Mra 2.27+ y
te = 0.0194 ( + Px, (5-45)
kT a
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t =a /4 U rT (5-46)
o 1 D,7 4"
However, for r, (rr /6,1)3a /a 2, to is assigned as,
to = al /4( U/ 6,ia* r (5-47)
D,7 a2
The corner swelling at a heating density of 500 MW/m3, is shown graphically below. Although
corner swelling is not initiated until later in life, it can occur at a temperature > 1 100 C, and
requires the lowest temperature to reach its upper limit.
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Figure 5-28: Corner swelling at q"'=500 MW/m 3
5.1.5.4 Solid fission product and Cesium swelling
At high temperatures, the solid fission product swelling model must be considered in two
parts, Cesium swelling and all other solid fission products. Cesium is readily volatile around the
peak temperatures of typical LWRs, but a large portion of the RMWR fuel rod may be at a high
enough temperature to allow for large amounts of Cesium evaporation. Solid fission product
swelling is given by [36] as,
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SFP =O.0019*$? (5-48)
where SFP is fractional swelling, and # is burnup in atom %. The Cesium swelling is given as
0.0047 per atom % burnup at low temperatures ( 1000 K), but due to the evaporation,
condensation process at the different fuel temperatures the hot areas will have lower swelling due
to Cesium. The Cs swelling rate is given from [24] as,
d
-SC =(5.55E-15*R)-(2E-4*exp(-12280/T))Scs (5-49)dts
where Scs is the fractional swelling, T is in K, and R is the fuel rating in W/kg. At high
temperature, and especially at high Cs swelling levels, the second term will dominate and
potentially reduce swelling in a hot node due to evaporation. Seen below are the two
components of solid fission product swelling at 1500 K.
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Figure 5-29: Solid fission product swelling at 1500 K
In contrast to the gas swelling, the solid fission product swelling is greater at lower temperatures,
assuming the same power generation. This is illustrated in Figure 5-30 at a fission power density
of 500 MW/m3.
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Figure 5-30: Total solid fission product swelling with q"'=500 MW/m 3
5.1.6. Cesium migration
The cesium that is not retained in the hot regions of the fuel as discussed earlier
evaporates and moves towards the cold sections of the fuel. By finding the "released" Cs
swelling for the time step, using the second part of eq. (5-46), the Cs movement in the axial
direction can be found. For each axial node, the Cs release at each radial node is added up, and it
is assumed that the Cs movement is only in the axial direction. The amount of Cs transport is
then found, shown below in eq. (5-50), with the direction of the movement determined by the
lower centerline temperature of the two adjacent axial nodes,
rp = k(S(h) - S(c))exp - ''v (5-50)
RT.y~
where (p is the volumetric flow of Cs in m3/s, k is constant equal to 3.5 s , R is the ideal gas
constant, 8.314 J/mol*K, Tave is the average fuel temperature (found from the average fuel
enthalpy), and A Hv is the heat of vaporization in J/mol. In the cold regions of fuel, there tends
to be excess oxygen that the evaporated Cs is able to bond with to form Cesium oxide. [24, 38]
To determine which axial nodes are "cold", any node with a centerline temperature below a limit
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(set here as 1200 K) was assumed cold, and Cs could precipitate onto the interface between the
cold node and the adjacent node. The amount of swelling added by the Cs precipitate was
determined by the value of ( into the interface of the "cold" node. For each axial node, the Cs
precipitate layer is added to the outside of the fuel pellet by assuming that the volume of Cs
(9 *dt) onto the axial node was distributed evenly, effectively adding an extra radial layer to the
outside of the fuel pellet.
To demonstrate this code, a simple fuel pin with 1 radial node, 15 axial nodes with a total
length of 1.00 m, and an axial temperature profile shown below in Figure 5-31, was modeled.
As a result, the Cs precipitated in the first and last axial node, which led to a much higher
swelling fraction due to the Cs precipitate, as seen in Figure 5-32.
Axial temperature profile
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Figure 5-31: Axial temperature profile for Cs migration code
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Figure 5-32: Cs swelling fraction along fuel pin height
5.1.7. Axially varying material properties and neutron spectrum
As the RMWR fuel pin is designed as a "parfait" core, the material properties of each axial
region are different. With the introduction of a new fission gas release model, thermal
conductivity models, and pressure sintering model for MOX fuel, it is important to apply the
correct equations in each of the axial regions. In addition, the radial power profile will change
for each axial node. FRAPCON-EP allows for application of distinct correlations in each axial
and radial node.
Finally, as the neutron spectrum is now in the epithermal range, FRAPCON does not
correctly calculate Pu buildup in the radial regions, nor does it calculate the radial temperature
profile correctly. For the epithermal range, the radial power profile in the pellet was simply set
to 1.0 and all cross sections were ignored. Although the flux depression in the epithermal
spectrum will be smaller than in the thermal case, it will still create a radial power profile with a
peak greater than 1.0. However, the 1.0 radial power peaking factor was chosen to be
conservative with respect to the inner pellet temperature.
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5.2. Benchmark to FRAPCON 3.3 and Calibration
To ensure that the model provides accurate results, benchmarking and validation must be
completed. There are fewer fitting constants in the FRAPCON-EP models than there are in the
rest of the FRAPCON model, therefore most of this section will be focused on validation.
5.2.1. Central void formation and pressure sintering
The main assumption regarding the central void formation is that the void increases in
small increments. It is assumed that the affected fuel volume is all at the density of the
innermost node. FRAPCON recommends small power increases between time steps (<5 kW/m)
and should this be followed, the assumption is good. Shown below is a fuel rod run at 45 kW/m
to 7 MWd/kg burnup. The error of this model is that it does not take into account the slight
increase in porosity near the central void, as seen in the figure below. This effect would be
captured by changing the model to one that is time dependent and uses a pore velocity to
determine the steady state densities.
126
Porosity migration at 45 kW/m and 7 MWd/kg
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Figure 5-33: Porosity migration validation with data from [261 and the FRAPCON-EP model for fuel initially
at 17% porosity
The pressure sintering model is suggested by [29], which provides validation data for a
temperature of 1900K, is shown below in Figure 5-34.
Figure 5-34: Hot pressing data and prediction from [291
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5.2.2. Fission gas release
Fission gas release data taken from [21] is compared to the FRAPCON-EP results
produced by the new fission gas release model. The experimental data from [21] occupies a
range of data without specifying the exact temperature. Each temperature interval is not
excessively large, but a range of curves is provided to show the possible responses. The
simulation was performed with a power rating=50000 W/kg and a pressure of 1 MPa, and the
results are presented in Figure 5-35 to Figure 5-38. The FGR data are given for a range of
temperatures due to the temperature gradient in the samples, so each of the data points has
uncertainty. For example, for the 1300 K experiments (Figure 5-35), the sample temperature
was in the range of 1150-1350K.
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Figure 5-35: FGR validation with data from [21] with sample temperatures of 1150-1350 K
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Figure 5-37: FGR validation with data from [211 with sample temperatures of 1600-1900 K
129
FGR at 1 MPa
100 -
90 -
80 -
70 -
B0 -
n 50-
CD
40 -
30 -
20 -
10 - Model - T=2000K
Experimental
0 ' '' I '
0 20 40 60 80 100 120 140
Burnup (MWd/kg)
Figure 5-38: FGR validation with data from [21] with sample temperatures of 1900-2100 K
The pressure on the gas bubbles allows a larger amount of gas in the bubbles before
saturation, effectively reducing the fission gas release. With the increase in Nmax, there is also an
increase in the maximum value of C6, which causes a reduction in the flux of atoms to the grain
boundary (dN/dt). These contributing factors have almost no effect at low pressures (about 1
MPa), but a much larger effect when the pressure increases (to about 10 MPa).
Fission gas release at 1750 K
1
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Figure 5-39: Pressure effect on FGR
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5.2.3. Swelling
The data for swelling was also retrieved from [21], and in the figures below is shown
with the swelling correlation from FRAPCON taken from [11]. The FRAPCON-3.3 swelling
correlation is based on the total swelling and is linear with burnup. There is a limit placed on the
gas swelling depending on the temperature of the node, given by [23],
T <1950'C =K 2 =0.2 (5-51)
195 0 4 C < T <20004 C -> ) =4.1-2E - 3* T (5-52)(A V rM
2000 0 C < T < 2500 C > =.46 -1.8E - 4* T (5-53)
25000 C <T -> =1.0 (5-54)
(V r=
with Tc as the temperature in Celsius. In addition to the total swelling limit, the sum of the edge
and corner swelling is limited to 8.7%. After this limit is reached the gas swelling increases as
suggested by experimental data. This correlation is given by [23] as,
-- = --- + GAp8 (5-55)V V 0
with As as the change in bumup in at%, and G as a correlation shown below as,
T, <1000 C => G =0 (5-56)
1000 0 C < T <1950 0 C => G = (T, -1000) /9500 (5-57)
19500 C < T, < 2000' C -> G =.4014 -1.545E - 4 * T, (5-58)
2500'C<T, ->G=.015 (5-59)
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The constant a1 is set to 0.01, inside the recommended range from [23]. However, a2 is not as
carefully defined, and furthermore, the gas swelling is very sensitive to a2. A value of 9.0 was
set to a2 to give the best fit.
Total swelling at 0 MPa
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Figure 5-40: Swelling at 0 MPa
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Figure 5-41: Swelling at 2 MPa
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Figure 5-42: Swelling at 12 MIPa
The FRAPCON-3.3 swelling model does not capture the pressure effects or the effects of
high temperature. However, at low temperatures, the FRAPCONEP swelling does match the
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FRAPCON-3.3 swelling as seen in Figure 5-43, which has a temperature of 1000 K and a
pressure of 1 MPa.
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Figure 5-43: Low temperature swelling validation, with data from [391
5.2.4. Axial heterogeneity
The axially varying composition is defined by a value of the plutonium fraction by
weight given for each axial zone. To verify the updated compositions, the radial power profiles
can be checked. FRAPCON considers the material properties to modify the radial power profile.
The current model uses a one-group approximation to the diffusion equation to solve for a radial
power and bumup distribution. [3] During normal operation with only U0 2, the outer regions of
the fuel convert U-238 to Pu-239. With the increase in Pu-239, at high burnup, U0 2 fuel has a
large increase in local power in the outermost radial rings. Furthermore, the self-shielding
effects lead to a decrease in power in the center nodes. [3] For fuel that is 20% Pu at BOL, there
is much less build-up of additional Pu in the outermost rings.
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Figure 5-44: Radial power profile of a U0 2 node and a MOX node
Figure 5-45: Radial power profile of a U0 2 node and a MOX node at EOL
The high concentration Pu nodes can be verified by the relatively low radial power peaking
factors.
5.3. Comparison to FRAPCON-3.3 at typical LWR conditions
Aside from developing a better model for high temperature, high burnup fuel pins, it is
desired that the new mechanistic model will provide good results for typical LWR conditions as
well. Considering that more than half of the RMWR nodes are U0 2 at low temperatures and low
burnup, the FRAPCONEP should provide good results for those sections to ensure a good
analytic result.
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5.3.1. FRAPCON model
This fuel pin design is a generic BWR fuel pin that was used to verify FRAPCON 3 in
the report NUREG-1754. All of the fuel pin parameters were taken from [17] as was the power
history.
Table 5-2: SamDle BWR dimensions from 1171
Pitch (mm) 14.5
Clad OD (mm) 10.8
Clad thickness (mm) 0.711
Gap Thickness (um) 97
Plenum spring diameter
(mm) 9.1
Height of pellet (mm) 11.4
Plenum length (m) 0.254
Density (%TD) 95
Fill gas pressure (MPa) 0.69
Fill gas Helium
Fuel length (m) 3.66
P external (MPa) 7.14
Coolant inlet temperature
(K) 550
Mass flux (kg/mA2/s) 1494
Enrichment (%) 4
Clad material Zr-2
Reference BWR Power history
E 40
30
S20
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Figure 5-46: Sample BWR peak node power history
The models for the U0 2 thermal conductivity did not change so the temperature profiles are
expected to be similar. As the fuel temperature is relatively low and never reaches high burnup,
it is assumed that the gas swelling, new fission gas release, pressure sintering, and porosity
migration will have only a small effect.
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5.3.2. Thermomechanical results
As the sample BWR is operated under typical LWR conditions, it is expected that
FRAPCONEP would provide similar results to FRAPCON-3.3. However, the peak linear
power is 40 kW/m, which is slightly higher than usual, so at the high temperature nodes, there
may be a slight deviation from FRAPCON-3.3.
The fuel temperature and radial density profiles at the peak power node are shown below.
The new fuel centerline temperature is very similar to the data from FRAPCON 3.3. At the end
of life, the centerline temperature is slightly higher, and this is due to the change in the radial
density profile. The fuel temperature is high enough that porosity migration, pressure sintering,
and gas swelling have an effect on the fuel. By the end of life, gas swelling has reduced the
density of the fuel, which leads to a reduction in thermal conductivity and an increase in
temperature. The center node has a higher density, which is due to a higher temperature and a
higher pressure sintering effect.
Fuel centerline temperature
0 20 40 60 80 100
Burnup (MWd/kg)
Figure 5-47: BWR peak power node centerline temperature
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Figure 5-48: BWR peak power node radial density profile
The new fission gas release model at high temperature seems to provide a more
reasonable fission gas release value. As discussed earlier, FRAPCON assumes a power ramp for
high temperatures, which leads to a rapid fission gas release. When the fuel temperature begins
decreasing around 30 MWd/kg, FRAPCON-3.3 shows a drastic reduction in the fission gas
release rate. It seems that such a small temperature decrease should not affect the fission gas
release rate so much. The assumption of a power ramp at high temperature is very conservative,
and leads to a high fission gas release. The higher fission gas release, seen below in Figure 5-49
leads to a higher gas pressure, although the effect is somewhat diminished because the
FRAPCONEP rod has a reduced free volume due to higher swelling.
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Figure 5-49: Total fission gas release from fuel rod
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Figure 5-50: Rod internal gas pressure over life
The new swelling model can be seen to have an effect despite only 3-4 nodes
experiencing gas swelling, as seen in Figure 5-48. The gas swelling leads to an increase in the
fuel pellet diameter, which leads to a higher contact pressure and clad strain. The FRAPCON-
3.3 analysis showed a sizeable margin for the hoop strain at the end of life. However, the
FRAPCONEP analysis shows that for the peak power node, the strain is considerably higher.
In the case of a power uprate or a burnup increase, it would probably be the life-limiting factor.
Peak power node fuel pellet diameter
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Figure 5-51: Peak power node diameter
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Figure 5-52: Peak power node hoop strain
5.4.FRAPCON EP analysis
5.4.1. RMWR analysis with FRAPCON-EP and FRAPCON-3.3
An analysis of the thermomechanical properties of the RMWR pin will now be repeated
to provide a more accurate result. First, the RMWR analysis using the properties from Table 4-1
will be completed with FRAPCON-EP and FRAPCON-3.3 to identify the effects of the new
models on the life-limiting issues, such as clad strain and internal gas pressure. As the fuel
swelling was expected to be much larger for the FRAPCON-EP analysis, the fuel density was
lowered to 90% of the theoretical density in order to ensure a lower clad strain, and therefore a
more stable solution for the FRAPCON-EP analysis.
The fuel temperature is lower for the FRAPCON EP case as seen in Figure 5-53. This is
due to the increase in fuel density, as seen in Figure 5-54, and therefore an increase in the fuel
thermal conductivity.
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Figure 5-53: Peak fuel temperature comparison between FRAPCON EP and FRAPCON 3.3
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Figure 5-54: Peak power node axial density comparison, between FRAPCON EP and FRAPCON 3.3
As the result of the lower fuel temperature, there is a lower fission gas release, and
therefore a smaller internal gas pressure for the FRAPCON-EP analysis, as seen in Figure 5-55
and Figure 5-56. During the RMWR analysis, when the fuel is not dense, as at the beginning of
life, there is much more expansion and therefore a smaller free volume. That is why at the
beginning of life, the gas pressure is higher for the FRAPCON-EP analysis. However, with the
increase in fuel density, and the formation of a central void, there is sufficient free volume to
lower the gas pressure below the NRC recommended limit.
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Figure 5-55 Fission gas release comparison between FRAPCON EP and FRAPCON 3.3
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Figure 5-56: Internal gas pressure comparison between FRAPCON EP and FRAPCON 3.3
The large fuel swelling expected at these temperatures, leads to a very high clad strain.
This strain is seen below in Figure 5-57 for the peak power node and Figure 5-58 for each axial
node at the end of life. The introduction of the new swelling model shows that the clad strain is
more serious than discussed earlier. With a radial gap of only 70 pm, the swelling causes the
clad to strain, even with a reduction in the gas pressure.
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Figure 5-57: Clad hoop strain comparison between FRAPCON EP and FRAPCON 3.3
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Figure 5-58: Axially varying clad strain comparison between FRAPCON EP and FRAPCON 3.3
5.4.2. Optimized RMWR design
As seen in the section above, some of the RMWR design problems are seen to be more
severe when calculated accurately by FRAPCON-EP. As detailed by the fuel pin design in [6],
the high temperatures, along with an increase in swelling and fission gas release may dictate
some changes. See the table below, Table 5-3, for the new fuel geometric properties. It is
acknowledged that the gap thickness is rather large and may be problematic due to the possibility
of fuel fragmentation, especially in the low power zones, where the gap remains open.
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Table 5-3: Modified RMWR fuel dimensions
Pitch (mm) 12.3
Clad OD (mm) 11.2
Clad thickness (mm) 0.90
Gap Thickness (um) 120
Plenum spring diameter (mm) 9.1
Height of pellet (mm) 11.4
Plenum length (m) 0.14
Density (%TD) 80
Pu percentage 20
Fill gas pressure (MPa) 1
Fill gas Helium
Fuel length (m) 1.25
Coolant pressure (MPa) 7.14
Coolant inlet temperature (K) 555
Mass flux (kg/mA2/s) 1000
Enrichment (%) 0.25
O/M 1.97
Clad material Zr-2
The
4-2.
power history and axial power profile are the same as those given in Figure 4-1 and Figure
The fuel temperature, seen below, is not very different from that of the original analysis;
however, it is affected by the changes in the density brought about by pressure sintering and the
central void formation.
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Figure 5-59: Fuel centerline temperature calculated with FRAPCONEP
Because of the high temperature, there is the formation of a central void, which helps improve
the fuel pin performance. The formation of the central void lowers the fuel pin maximum
temperature and most importantly, provides extra free volume for the fission gas to occupy,
lowering the internal pressure. Pressure sintering becomes a large effect as the hottest sections
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Peak fuel temperature over life
of the fuel rod are compressed to almost 100% TD. However, the pressure sintering is only
applied on the as-fabricated porosity, so the porosity gained by the face, edge, and corner
swelling results in a reduction of the density of some of the fuel nodes.
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Figure 5-60: Peak power node density calculated with FRAPCONEP
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Figure 5-61: Peak power node internal void radius calculated with FRAPCONEP
The fission gas release and resulting gas pressure are shown below. The lower fuel
temperature due to the higher density, and therefore, thermal conductivity reduces the fission gas
release. In addition, the extra volume provided by the central void results in a lower gas
pressure. The free volume of the plenum is kept constant, but the reduction in fuel density
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allows for the accommodation of more gas. The internal gas pressure is now lower than the
NRC recommended limit.
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Figure 5-62 Total fission gas release calculated with FRAPCON EP
Internal gas pressure over life
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Figure 5-63: Internal gas pressure calculated with FRAPCONEP
However, the biggest change in this model is the fuel swelling. The previous fuel
swelling was calculated by considering only solid fission products and the swelling limit was
established at 5%. Now, the swelling limit has been raised to 20% below 2000"C, and in the
hottest fuel regions, it is expected to reach that limit. This should result in excessive clad strain.
The gas rapid swelling causes the strain to increase rapidly after 20 MWd/kg (local burnup),
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however, the compression provided by the pressure sintering and porosity migration functions
mitigates the clad strain increase rate.
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Figure 5-64: Clad hoop strain calculated with FRAPCONEP
Although at the peak power node has a hoop strain greater than 1%, the strains at rest of
the nodes are below the limit. It may be possible to allow licensing for a fuel pin that has a strain
of 1% in only a small section. In addition, the internal gas pressure is low, which will reduce the
chance of ballooning.
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Figure 5-65: Axially varying hoop strain calculated with FRAPCONEP
The axial migration and precipitation of Cs creates extra swelling at the interface between
the hot and cold nodes. The solid fission product swelling almost doubles with the inclusion of
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Cs migration and precipitation, however, due to the large gap of the fuel rod and the low thermal
expansion and swelling of the "cold" nodes, there is a negligible effect on the clad strain.
Figure 5-66: Axially varying solid fission product swelling calculated with FRAPCONEP
The contact pressure is defined as the pressure applied to the clad based on the interaction
directly with the fuel. There is a large reduction in contact pressure as with the FRAPCON-EP
analysis, because the fuel pellet becomes softer (with pressure sintering), therefore reducing the
contact pressure. This results in the lower clad strain.
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Figure 5-67: Contact pressure calculated with FRAPCONEP
Another safety concern is the degradation of the Zirconium clad. In a reaction with
water, the Zr metal is oxidized to form ZrO2, which reduces the thickness of the clad and
embrittles the clad, which could lead to premature failure during a transient. As seen in Figure
5-68, the oxide thickness is well below the 17% limit.
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Figure 5-68: ZrO2 thickness calculated with FRAPCONEP
As seen above, the fuel pin may satisfy the NRC safety requirements, depending on the
leniency on the clad strain limit. The fuel swelling is very high and causes an expansion of the
clad that at high temperatures is somewhat negated by the pressure sintering and porosity
migration effects, but an appropriately large gap and clad thickness will help negate the fuel
swelling. However, this fuel pin design with the increase in power from [6], is indeed feasible.
Care must be taken to avoid adverse effects on the neutronic and thermal hydraulic designs when
accommodating for the fuel pin safety limits.
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6. Summary and possible future work
The use of innovative fuel pins can greatly improve the efficiency and cost-effectiveness
of the new fleet of nuclear reactors. The I&EC fuel pin provides the possibility to increase core
power by 20% without sacrificing safety. There are remaining issues regarding the clad integrity
at high bumup and the asymmetrical closing of the fuel-clad gap. Currently there is excess
oxidation on the clad that during a transient would likely violate the NRC mandated limit of
17%. This could be rectified by a reduction in coolant temperature, although it would come at
the cost of decreased efficiency. The asymmetry of the gaps closing leads to points during
operation where the heat flux split favors one channel over the other. The heat flux imbalance
can lead to a violation of the MDNBR limit of 1.3 on one channel, while the other has a large
margin. Further study of this is likely required to improve the accuracy of how the gap thickness
and conductance change during transients and steady state operation.
The new FRAPCONEP code is shown to provide a more accurate description of fuel
pins at the operating conditions of the RMWR fuel pin, specifically at high temperature. This
code can also provide reasonable results for LWR fuel pins at typical LWR conditions. The
mechanistic swelling, fission gas release, porosity migration, and pressure sintering models are
able to provide correct results because there is minimal use of empirical correlations and
benchmarking. It shows that a RMWR fuel pin can satisfy the NRC requirements with certain
changes to the fuel pin. A reduction in fuel density and an increase in the gap size could reduce
the hoop strain and gas pressure. Although the reduction in fuel density could affect the
neutronics or thermal hydraulics, negating some of the benefits of the RMWR. Finally, a
transient analysis could be performed to better predict the margins needed for safe operation of
the RMWR fuel pin.
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For future work, there are modifications, especially at high temperatures that could be
implemented to refine the swelling, fission gas release, and corrosion models. Most importantly,
the fuel chemistry effects could be refined. Currently, there is no spatial variance in the O/M
ratio nor are there O/M effects on the fuel performance aside from MOX thermal conductivity.
Furthermore, the oxygen potential could also affect the solid fission product swelling. Under
steep temperature gradients Oxygen and Plutonium migrate, which could result in excess
oxidation or an uneven radial power profile. Finally, grain growth is a poorly understood
process, which could affect the fission gas release and swelling of the fuel pellet.
151
References
[1] DOE, "U.S. Nuclear Plants - Watts Bar," 2004.
[2] D. D. Lanning, C. E. Beyer, and K. J. Geelhood, "FRAPCON-3 Updates, Including
Mixed-Oxide Fuel Properties," N. R. Commission, Ed., 2005.
[3] Y. Yuan, "The Design of High Power Density Annular Fuel for LWRs," in Nuclear
Science and Engineering. vol. PhD Cambridge: MIT, 2004, p. 255.
[4] J. Beccherle, P. Hejzlar, and M. S. Kazimi, "PW.R Transition to a Higher Power Core
Using Annular Fuel " MIT-NFC-TR-095 2007.
[5] WorldNuclearAssociation, "Mixed Oxide (MOX) Fuel," 2009.
[6] M. Suzuki, H. Saitou, and T. Iwamura, "Analysis of MOX fuel behavior in reduced-
moderation water reactor by fuel performance code FEMAXI-RM," Nuclear Engineering
and Design, vol. 227, pp. 19-27, 2004.
[7] J. Yamashita, F. Kawamura, and T. Mochida., "Next-generation Nuclear Reactor Systems
for Future Energy," Hitachi Review Vol. 53 2004.
[8] S. Uchikawa, T. Okubo, T. Kugo, H. Akie, R. Takeda, Y. Nakano, A. Ohnuki, and T.
Iwamura, "Conceptual Design of Innovative Water Reactor for Flexible Fuel Cycle
(FLWR) and its Recycle Characteristics," Journal ofNUCLEAR SCIENCE and
TECHNOLOGY, vol. 44, pp. 277-284, 2007.
[9] ""Acceptance criteria for emergency core cooling systems for light-water nuclear power
reactors"," US Nuclear Regulatory Commission, 2007.
[10] "US Nuclear Regulatory Commission Standard Review Plan ": US Nuclear Regulatory
Commission 2007.
[11] G. A. Berna, C. E. Beyer, K. L. Davis, and D. D. Lanning, "FRAPCON-3: A Computer
Code for the Calculation of Steady-State, Thermal-Mechanical Behavior of Oxide Fuel
Rods for High Burnup," US Nuclear Regulatory Commission 1997.
[12] Y. Long, "Modeling the Performance of High Burnup Thoria and Urania PWR Fuel," in
Nuclear Science and Engineering. vol. PhD Cambridge: MIT, 2002, p. 234.
[13] D. Carpenter, "Assessment of Innovative Fuel Designs for High Performance Light
Water Reactors," in Nuclear Science and Engineering. vol. BS/MS Cambridge: MIT,
2006,p.189.
[14] T. Chun, "OPR-1000 Data Transmittal," 2008.
[15] L. Zhang, J. Beccherle, P. Hejzlar, and M. S. Kazimi, "Thermal Hydraulics and
Economic Potential of High Performance Annular Fuel in PWRs," in Advances in
Nuclear Fuel Management IV, 2009.
[16] D. Feng, P. Hejzlar, and M. S. Kazimi, "Thermal-Hydraulic Design of High-Power-
Density Annular Fuel in PWRs," Special Issue ofNuclear Technology, vol. 169, pp. 16-
33, 2007.
[17] G. M. O'Donnell, H. H. Scott, and R. Meyer, "A New Comparative Analysis of LWR
Fuel Designs," NUREG-1754 2001.
[18] M. E. Cunningham, C. E. Beyer, P. G. Medvedev, and G. A. Berna, "FRAPTRAN: A
Computer Code for the Transient Analysis of Oxide Fuel Rods," Pacific Northwest
National Lab.
152
[19] H. T. Kim, P. Hejzlar, H. C. No, and M. Kazimi, "Performance of Internally and
Externally Cooled Annular Fuel in a Loss of Coolant Accident," in ICAPP Hollywood,
Fl: American Nuclear Society, 2002.
[20] Y. Yuan, M. S. Kazimi, and P. Hejzlar, "Thermomechanical Performance of High-
Power-Density Annular Fuel," Nuclear Technology, vol. 160, pp. 135-149, 2007.
[21] H. Zimmerman, "Investigations on swelling and fission gas release behaviour in Uranium
Dioxide," Journal ofNuclear Materials, vol. 75, pp. 154-161, 1978.
[22] K. Hibi, S. Shimada, T. Okubo, T. Iwamura, and S. Wada, "Conceptual designing of
reduced-moderation water reactor with heavy water coolant," Nuclear Engineering and
Design, vol. 210, pp. 9-19, 2001.
[23] R. J. White and M. 0. Tucker, "A New Fission-Gas Release Model," Journal ofNuclear
Materials, vol. 118, pp. 1-38, 1983.
[24] A. Karahan and J. Buongiorno, "Modeling of Thermo-Mechanical and Irradiation
Behavior of Metallic and Oxide Fuels for Sodium Fast Reactors," MIT-NFC-TR-110
2009.
[25] M. Inoue, K. Maeda, K. Katsuyama, K. Tanaka, K. Mondo, and M. Hisada, "Fuel-to-
cladding gap evolution and its impact on thermal performance of high burnup fast reactor
type uranium-plutonium oxide fuel pins," Journal ofNuclear Materials, vol. 326, pp. 59-
73, 2004.
[26] D. R. Olander, "Fundamental Aspects of Nuclear Reactor Fuel Elements," US
Department of Energy 1976.
[27] D. H. Thompson and W. W. Marr, "Prediction of maximum temperature or melting
fraction in a LMFBR fuel element," Nuclear Engineering and Design, vol. 17, pp. 361-
370, 1971.
[28] T. Ozawa and T. Abe, "Development and Verifications of Fast Reactor Fuel Design Code
CEPTAR," Nuclear Technology, vol. 156, pp. 39-55, 2006.
[29] C. M. Allison, G. A. Berna, R. Chambers, E. W. Coryell, K. L. Davis, D. L. Hagrman, D.
T. Hagrman, N. L. Hampton, J. K. Hohorst, R. E. Mason, M. L. McComas, K. A.
McNeil, R. L. Miller, C. S. Olsen, G. A. Reymann, and L. J. Siefken,
"SCDAP/RELAP5/MOD3.1 Code Manual Volume IV: MATPRO -- A Library of
Materials Properties for Light-Water-Reactor Accident Analysis," Idaho National
Engineering Laboratory 1993.
[30] J. L. Routbort, N. A. Javed, and J. C. Voglewede, "Compressive Creep of Mixed-Oxide
Fuel Pellets," Journal of Nuclear Materials, vol. 44, pp. 247-259, 1972.
[31] P. Combette, C. Milet, G. Tanis, J. Crouzet, and M. Masson, "In-pile Creep Stude on
Mixed Oxide (U, Pu)02," Journal ofNuclear Materials, vol. 65, pp. 37-47, 1977.
[32] G. L. Reynolds, W. B. Beere, and P. T. Sawbridge, "The Effect Of Fission Products on
the Ratio of Grain-Boundary Energy to Surface Energy In Irradiated Uranium Dioxide,"
Journal ofNuclear Materials, vol. 41, pp. 112-114, 1971.
[33] A. H. Booth, "A Method of Calculating Fission Gas Diffusion from U02 Fuel," Atomic
Energy of Canada Limited 1957.
[34] R. M. Cornell, M. V. Speight, and B. C. Masters, "The Role of Bubbles in Fission Gas
Release from Uranium Dioxide," Journal ofNuclear Materials, vol. 30, pp. 170-178,
1969.
[35] M. V. Speight, Nuclear Science and Engineering, vol. 38, p. 180, 1969.
153
[36] J. R. Matthews and M. H. Wood, "A simple operational gas release and swelling model,"
Journal ofNuclear Materials, vol. 91, pp. 241-256, 1980.
[37] P. J. Clemm and J. C. Fisher, "The influence of grain boundaries on the nucleation of
secondary phases," Acta Metallurgica, vol. 3, 1955.
[38] H. Furuya, S. Ukai, S. Shikakura, Y. Tsuchiuchi, and K. Idemitsu, "Axial distribution of
cesium in heterogeneous FBR fuel pins," Journal ofNuclear Materials, vol. 201, pp. 46-
53, 1993.
[39] D. D. Lanning, C. E. Beyer, and C. L. Painter, "FRAPCON-3: Modifications to Fuel Rod
Material Properties and Performance Models for High-Burnup Application," U.S.
Nuclear Regulatory Commision 1997.
154
Appendix A. FRAPCON sample input
A.1 OPR-1000 solid fuel input file
* frapcon3, steady-state fuel rod analysis code, version 1 *
*-----------------------------------------------------------------------*
* *
* CASE DESCRIPTION: 16x16 OPR Solid Fuel Rod *
* *
*UNIT FILE DESCRIPTION *
*---- ----------------------------------------------- Output: *
* Output: *
* 6 STANDARD PRINTER OUTPUT *
* *
* Scratch: *
* 5 SCRATCH INPUT FILE FROM ECHO1 *
* *
* Input: FRAPCON2 INPUT FILE (UNIT 55) *
* *
* GOESINS:
FILE05='nullfile', STATUS='scratch', FOEP='FOEPATTED',
CARRIAGE CONTROL='LIST'
*
* GOESOUTS:
FILE06='OPR_ 100cylindrical.out', STATUS='UNKNOWN', CARRIAGE
CONTROL='LIST'
FILE66='OPR cylplot.out', STATUS='UNKNOWN', CARRIAGE CONTROL='LIST'
OPR-1000 16x16 Cylindrical Fuel
$frpcn
im=94, na=5,nr=17,
mechan = 2, ngasr =50,
$end
$frpcon
cpl = 0.25, crdt = 0.0, crdtr = 0.0, thkcld = 0.57e-3,
dco = 9.5e-3, pitch = 12.85e-3,
den = 95., thkgap=70e-6, dishsd=1.27e-3,
dspgw = 0.9e-5, enrch = 5, fa= 1.3, fgpav = 1.5e6,
hplt = 13.4e-3, icm = 4,
icor = 0, idxgas = 1, iplant =-2, iq = 1, jdlpr = 1,
totl = 3.81, jn = 13, jst = 45*1
rc = 0, roughc = 3e-6, nplot = 1,
roughf = 3e-6, vs = 8,
nunits = 0
155
p2(l) = 15.5e6, tw(l) = 569, go(l) = 3460,
flux=5*0.25e17,
jst =94* 1
ProblemTime=0.04,1,2,3,5,7,9,10,12,15,18,20,23,26,30,80,85,90,100,120,150,
170,200,240,260,280,300,320,340,360,380,400,420,440,460,480,500,520,540,
560,580,600,620,640,660,680,700,720,740,760,780,800,820,840,860,880,900,
920,940,960,980,1000,1020,1040,1060,1080,1100,1120,1140,1160,1180,1200,
1220,1240,1260,1280,1300,1320,1340,1360,1380,1400,1420,1440,1460,1480,1500,
1520,1540,1560,1580,1600,1620,1640
qmpy =29*34.78,34.43,34.07,33.71,33.36,33.00,32.64,32.29,31.93,31.57,
31.22,30.86,30.50,30.14,29.79,29.43,29.07,28.72,28.36,28.00,27.65,27.29,
26.93,26.58,26.22,25.86,25.51,25.15,24.79,24.44,24.08,23.72,23.37,23.01,
22.65,22.30,21.94,21.58,21.23,20.87,20.51,20.16,19.80,19.44,19.09,18.73,
18.37,18.02,17.66,17.30,16.94,16.59,16.23,15.87,15.52,15.16,14.80,14.45,
14.09,13.73,13.38,13.02,12.66,12.31,11.95,11.59
$end
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A.2 OPR-1000 annular fuel input file
* frapcon3, steady-state fuel rod analysis code *
*----------------------------------------------------------------------*
* *
* CASE DESCRIPTION: OPR Annular Fuel pin *
* *
*UNIT FILE DESCRIPTION *
*---------------------------------------------------Output: *
* Output: *
* 6 STANDARD PRINTER OUTPUT *
* *
* Scratch: *
* 5 SCRATCH INPUT FILE FROM ECHO1 *
* *
* Input: FRAPCON2 INPUT FILE (UNIT 55) *
* *
* GOESINS:
FILE05='nullfile', STATUS='UNKNOWN', FOEP='FOEPATTED',
CARRIAGE CONTROL='NONE'
*
* GOESOUTS:
FILE06='OPR_100_annular_ml.out', STATUS='UNKNOWN', CARRIAGE
CONTROL='LIST'
FILE66='OPR_100_plotml.out', STATUS='UNKNOWN', CARRIAGE CONTROL='LIST'
12x12 annular case. (sintered 120% OPR-1000)
$frpcn
im=94, na=7,nr30,
ngasr =50,
$end
$frpcon
cpl = 0.25, crdt = 0.0, thkcld = 0.62e-3, thkgap = 70e-6,
thkcldinner=0.57e-3,thkgapinner=70e-6,
dco = 15.8e-3, pitch = 17.13e-3,rc=4.9e-3,
dco inner=8.52e-3, den = 95.,fa = 1.3,
dspgw = 0.9e-5, enrch = 5, fgpav = 2.0e6, hdish = 0.0,
hplt = 13.4e-3, icm = 4,dspg=13.0e-3
icor = 0, idxgas = 1, iplant =-2, iq = 1, jdlpr = 0,
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totl = 3.81, roughc = 3.e-6, roughf= 3.e-6, vs = 8,
nunits = 0,
p2(l) = 15.5e6, tw(1) = 569, go(1)= 3830,
flux=5*0.25e17,
nplot=1,
jst =94* 1
ProblemTime=0.04,1,2,3,5,7,9, 10,12,15,18,20,23,26,30,80,85,90,100,120,150,
170,200,240,260,280,300,320,340,356,372,388,404,420,436,452,468,484,500,
516,532,548,564,580,596,612,628,644,660,676,692,708,724,740,756,772,788,
804,820,836,852,868,884,900,916,932,948,964,980,996,1012,1028,1044,1060,
1076,1092,1108,1124,1140,1156,1172,1188,1204,1220,1236,1252,1268,1284,
1300,1316,1332,1348,1364,1380
qmpy =29*79.4,
78.55,77.73,76.92,76.10,75.29,74.48,73.66,72.85,72.04,71.22,70.41,69.59,
68.78,67.97,67.15,66.34,65.52,64.71,63.90,63.08,62.27,61.46,60.64,59.83,
59.01,58.20,57.39,56.57,55.76,54.94,54.13,53.32,52.50,51.69,50.88,50.06,
49.25,48.43,47.62,46.81,45.99,45.18,44.36,43.55,42.74,41.92,41.11,40.30,
39.48,38.67,37.85,37.04,36.23,35.41,34.60,33.78,32.97,32.16,31.34,30.53,
29.72,28.90,28.09,27.27,26.5
$end
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A.3 RMWR input file
* frapcon3, steady-state fuel rod analysis code
*
*----------------------------------------------------------------------------------
*
*
*
* CASE DESCRIPTION: RMWR fuel rod
*
*
*UNIT FILE DESCRIPTION
*
*------ --------------------------------------------------------------- Output:
*
* Output:
*
* 6 STANDARD PRINTER OUTPUT
*
*
*
* Scratch:
*
* 5 SCRATCH INPUT FILE FROM ECHO 1
*
*
*
* Input: FRAPCON3 INPUT FILE (UNIT 55)
*
*
*
* GOESINS:
FILE05='nullfile', STATUS='UNKNOWN', FOEP='FOEPATTED',
CARRIAGE CONTROL='NONE'
*
* GOESOUTS:
FILE06='RMWR.out', STATUS='UNKNOWN', CARRIAGE CONTROL='LIST'
FILE66='RMWR.plot', STATUS='UNKNOWN', FOEP='FOEPATTED',
CARRIAGE CONTROL='LIST'
$frpcn
im=78, na=15, nr=40
159
ngasr = 45,
$end
$frpcon
nunits=0, jdlpr-0, nplot=1
dco=10.8e-3, thkcld=0.70e-3, thkgap=70e-6, totl=1.25, cpl=0.14,
dspg=8.5e-3, dspgw=1.Oe-3, vs = 35,
roughc=7.8e-8, pitch= 12. le-3
hplt=12.7e-3, rc=0
enrch=0.25, imox=2, comp=20, fotmtl=1.98,
den=95, roughf=3.3e-7, rsntr=150, icm=2,
fgpav=1.0e6, idxgas=1,
iplant=-3, nsp=0, p2=7.2e6, tw=5 55, go= 1000
flux=3*2e16,2*10e16, 6*2e16,3*10e16,3e16
iq=0, fa=1, jn=16,
x=0, 0.067, 0.168, 0.26,0.265,0.31, 0.471, 0.5, 0.6735,
0.942, 0.95,1.0, 1.144, 1.27, 1.29, 1.347
qf. 15, .25, .45, .57,2.35,2.35,1.95,.55
,.35,.5,.5,1.8,2.0,1.8,.85,2
jst=78* 1,
ProblemTime= 0.1, 1, 3, 5,
10,20,30,40,50,60,80,100,130,
150,170,190,210,226,242,258,274,290,306,322,
330,360,
361,390,420,450,480,510,540,570,600,630,
660,690,720,
721,750,780,810,840,870,900,930,960,
990,1020,1050,1080,
1081,1110,1140,1170,1200,1230,1260,1290,
1320,1350,1380,1410,1440,
1441,1470,1500,1530,1560,1590,1620,1650,
1680,1710,1740,1770,1800
qmpy=26*17.1, 13*19.47, 13*20.08,13*18.86,13*6.085
$end
160
$frpmox
enrpu39 = 54.0, enrpu40 = 28.8, enrpu4l = 9.9,
enrpu42 = 7.4
$end
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Appendix B. VIPRE sample input for OPR-1000
B.1 Solid fuel input file
* OPR-1000 16x16, 1/8 core *
1,0,0 *vipre.1
OPR-1000 16x16 PWR,1/8 core *vipre.2
geom,24,24,20,0,0,0 * 24 channels, 20 axial node *geom. 1
150.0,0.0,0.5 *geom.2
1,1.512609,12.2819,11.89693,2,2,0.395669,1.013476,5,0.329724,1.590242 *geom.4
2,0.339268,2.96675,1.969553,2,3,0.122741,0.509522,6,0.13189,1.114022
3,0.070972,0.78258,0.467163,2,4,0.122741,0.439961,7,0.13189,0.439961
4,0.089432,0.728057,0.500797,1,8,0.13189,0.439961
5,0.730364,5.875026,5.875026,2,6,0.26378,0.890394,10,0.329724,0.802165
6,0.292146,2.35001,2.35001,3,7,0.13189,0.505906,10,0.13189,0.802165,11,0.13189,?
0.505906
7,0.146073,1.175005,1.175005,2,8,0.13189,0.505906,11,0.13189,0.505906
8,0.146073,1.175005,1.175005,2,9,0.13189,0.421588,12,0.13189,0.505906
9,0.073036,0.587503,0.587503,1,13,0.13189,0.421588
10,0.66462,4.112518,4.112518,2,15,0.218504,2.0715,16,0.461614,1.157195
11,0.146073,1.175005,1.175005,2,12,0.13189,0.505906,15,0.13189,0.562744
12,0.146073,1.175005,1.175005,2,13,0.13189,0.505906,15,0.13 189,0.562744
13,0. 146073,1.175005,1.175005,2,14,0. 13189,0.421588,15,0.13189,0.562744
14,0.073036,0.587503,0.587503,1,15,0.13189,0.478427
15,0.880171,5.287523,5.287523,1,16,0.636811,1.143663
16,3.932382,32.09001,30.55013,2,17,0.822835,1.936935,19,0.461614,4.77231
17,4.437846,36.38496,34.07515,2,18,0.938976,3.067357,19,0.527559,4.760601
18,8.954519,73.17499,69.3253,2,19,1.055118,4.917193,20,1.055118,6.140946
19,18.61389,146.35,138.6506,1,21,2.19685,6.817585
20,18.61389,146.35,138.6506,2,21,2.19685,6.135827,23,1.098425,13.05081
21,37.22777,292.7,277.3012,2,22,2.19685,6.817585,23,2.19685,13.05081
22,18.61389,146.35,138.6506,1,23,2.19685,11.68729
23,260.5944,2048.9,1941.108,1,24,9.885827,18.02602
24,446.7333,3512.4,3327.615 *geom.4
prop,0,0,2,1 *prop.1
rods,1,31,1,2,0,0,0,0,0,0,0 *rods.1
0,0.0,0,0, *rods.2
-1, *rods.3
1.55 *rods.5
1,2,0.000,1,1,0.125 *rods.9
2,1,1.350,1,1,7.5
3,1,1.434,1,1,1,5,1
4,1,1.448,1,5,2
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5,1,1.404,1,5,1,10,1
6,1,1.473,1,1,1.375,2,1.125
7,1,1.519,1,1,0.25,2,0.25,5,0.25,6,0.25
8,1,1.497,1,5,0.5,6,0.5
9,1,1.438,1,5,0.25,6,0.25,10,0.5
10,2,0.000,1,2,0.323792,3,0.102416,4,0.073792
11,1,1.494,1,2,0.301208,3,0.198792,6,0.25,7,0.25
12,1,1.529,1,6,0.5,7,0.25,11,0.25
13,1,1.460,1,6,0.25,10,0.25,11,0.25,15,0.25
14,1,1.506,1,3,0.198792,4,0.301208,7,0.25,8,0.25
15,1,1.545,1,7,0.25,8,0.25,11,0.25,12,0.25
16,1,1.474,1,11,0.25,12,0.25,15,0.5
17,1,1.550,1,4,0.125,8,0.25,9,0.125
18,1,1.550,1,8,0.25,9,0.25,12,0.25,13,0.25
19,1,1.487,1,12,0.25,13,0.25,15,0.5
20,1,0.909,1,9,0.125,13,0.25,14,0.125
2 1,1,1.502,1,13,0.25,14,0.25,15,0.5
22,1,1.524,1,14,0.125,15,0.375
23,1,1.442,1,10,1.75,15,2.375,16,26
24,1,1.429,1,17,29
25,1,1.436,1,18,59
26,1,1.436,1,19,117.875
27,1,1.368,1,20,118
28,1,1.266,1,21,236
29,1,1.229,1,22,118
30,1,0.941,1,23,1652
31,1,0.942,1,24,2832
0 *rods9
1,nucl,0.374016,0.322441,8,0.0,0.022441 *rods.62
0,0,0,0,0,1056.682,0.95,0.0 *rods.63
2,dumy,0.980315,0.0,0 *rods.68
oper,1,1,0,1,0,1,0,0,0 oper.1
-1.0,1.3,0.0,0.005,0 *oper.2
0 *oper3
2248.0844,568.4,4089.851,79.51977,0.0 *oper.5
0 *no forcing functions *oper. 12
corr,1,1,0, *coff.1
epri,epri,epri,none *coff.2
0.2 *coff.3
ditb,thom~thom,w-31,cond,gS .7 *corr.elation for boiling curve *coff.6
w-31 *dnb analysis by w-31 *corl*.9
0.042,0.066,0.986 *w..31 input data *coff.1 I
drag,1 51,4 *drag. 1
0.3 16,-0.25,0.0,64.0,-1.0,0.0 *axial friction correlation *drag.2
0.3740,0.5059, *drag.7
3.03l1,-.2,0.0.,0.,0.5 *lateral drag correlation *drag.8
163
grid,0,3,
0.6,0.4,1.0,
-1,12
0.0,2,4.1339,1,19.8819,1,35.6299,1,?
51.3780,1,67.1260,1,82.8740,1,98.62205,1,
114.3701,1,130.1181,1,145.8661,1,150.0,3
0 *grid.4 terminated
cont
0.0,0,150,50,3,1, *iterative solution
0. 1,0.0,0.001,0.05,0.01,0.9,1.5,1.0
5,0,0,0,0,0,1,1,0,0,0,1,0,0
1000.,0.0,0.0,0.0,0.0,0.0
endd
*grid. 1
*grid.2
*grid.4
*grid.6
*grid loc. *grid.6
*cont.1
*cont.2
*cont.3
*cont.6
*cont.7
*end of data input
0
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B.2 Annular fuel input file
* OPR-1000 12x12, 1/8 core, annular *
1,0,0 *vipre. 1
OPR-1000 annular *vipre.2
geom,55,55,20,0,0,0 * 55 channels, 20 axial nodes *geom.1
150.0,0.0,0.5 *geom.2
**** channel geometry input
1,0.0394190,0.603120,0.390741,2,2,0.093894,0.337205,3,0.024213,0.674409 *geom.4
2,0.109136,1.143928,0.838176,1,4,0.048425,0.674409
3,0.073532,0.983294,0.983294,2,4,0.048425,0.580651,6,0.024213,0.674409
4,0.147065,1.966588,1.966588,2,5,0.048425,0.650197,7,0.048425,0.674409
5,0.109136,1.143928,0.838176,1,8,0.093894,0.505807
6,0.073532,0.983294,0.983294,2,7,0.048425,0.580651,9,0.024213,0.674409
7,0.147065,1.966588,1.966588,2,8,0.048425,0.573248,10,0.048425,0.674409
8,0.078839,1.206239,0.781883,1,12,0.093894,0.573248
9,0.073532,0.983294,0.983294,2,10,0.048425,0.580651,14,0.024213,0.674409
10,0.147065,1.966588,1.966588,2,11,0.048425,0.650197,15,0.048425,0.674409
11,0.073532,0.983294,0.983294,2,12,0.327775,0.337205,16,0.048425,0.650197
12,0.14474,1.304561,0.693058,1,13,0.093894,0.505807
13,0.078839,1.206239,0.781883,2,17,0.093894,0.573248,18,0.048425,0.573248
14,0.073532,0.983294,0.983294,2,15,0.048425,0.580651,19,0.024213,0.718504
15,0.147065,1.966588,1.966588,2,16,0.048425,0.674409,19,0.048425,0.718504
16,0.147065,1.966588,1.966588,2,18,0.048425,0.674409,19,0.048425,0.718504
17,0.109136,1.143928,0.838176,1,20,0.048425,0.650197
18,0.147065,1.966588,1.966588,2,20,0.048425,0.674409,22,0.048425,0.746823
19,0.516351,4.916469,4.916469,2,22,0.136614,2.093332,23,0.121063,2.045276
20,0.147065,1.966588,1.966588,2,21,0.048425,0.562008,22,0.048425,0.746823
21,0.073532,0.983294,0.983294,1,22,0.048425,0.634421
22,0.756518,6.883056,6.883056,1,23,0.213583,2.045276
23,5.043014,60.24375,55.06445,2,24,0.301181,4.090551,25,0.266339,4.77231
24,5.484208,66.14351,60.96421,2,25,0.290551,4.77231,26,0.334646,6.135827
25,10.96842,132.287,121.9284,1,27,0.669291,6.817585
26,10.96842,132.287,121.9284,2,27,0.669291,6.135827,29,0.334646,13.05081
27,21.93683,264.574,243.8569,2,28,0.669291,6.817585,29,0.669291,13.05081
28,10.96842,132.287,121.9284,1,29,0.669291,11.68729
29,153.5578,1852.018,1706.998,1,30,3.011811,18.02602
30,263.242,3174.889,2926.282
31,0.094273,1.088426,1.088426
32,0.047137,0.544213,0.544213
33,0.094273,1.088426,1.088426
34,0.094273,1.088426,1.088426
35,0.094273,1.088426,1.088426
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36,0.094273,1.088426,1.088426
37,0.094273,1.088426,1.088426
38,0.094273,1.088426,1.088426
39,0.094273,1.088426,1.088426
40,0.094273,1.088426,1.088426
41,0.047137,0.544213,0.544213
42,0.094273,1.088426,1.088426
43,0.094273,1.088426,1.088426
44,0.094273,1.088426,1.088426
45,0.094273,1.088426,1.088426
46,0.094273,1.088426,1.088426
47,0.047137,0.544213,0.544213
48,2.922466,33.7412,33.7412
49,2.922466,33.7412,33.7412
50,5.844932,67.4824,67.4824
51,5.844932,67.4824,67.4824
52,11.68986,134.9648,134.9648
53,5.844932,67.4824,67.4824
54,81.82905,944.7536,944.7536
55,140.2784,1619.578,1619.578 *geom.4
prop,0,0,2,1 *prop. 1
rods,1,27,1,2,4,0,0,0,0,0,0 *rods.1
0.0,0.0,0,0, *rods.2
-1, *rods.3
1.55 * chopped cosine shape *rods.5
**** rod geometry input
1,1,1.550,1,1,0.198792,2,0.301208,3,0.25,4,0.25
-1,1,1.550,1,31,1
2,1,1.461,1,2,0.125,4,0.25,5,0.125
-2,1,1.461,1,32,0.5
3,1,1.335,1,3,0.25,4,0.25,6,0.25,7,0.25
-3,1,1.335,1,33,1
4, 1,1.515,1,4,0.25,5,0.301208,7,0.25,8,0.198792
-4,1,1.515,1,34,1
5,1,1.276,1,6,0.25,7,0.25,9,0.25,10,0.25
-5,1,1.276,1,35,1
6,1,1.480,1,7,0.25,8,0.198792,10,0.25,11,0.125,12,0.176208
-6,1,1.480,1,36,1
7,1,1.226,1,9,0.25,10,0.25,14,0.25,15,0.25
-7,1,1.226,1,37,1
8,1,1.313,1,10,0.25,11,0.25,15,0.25,16,0.25
-8,1,1.313,1,38,1
9, 1,1.468,1,11,0.125,12,0.176208,13,0. 198792,16,0.25,18,0.25
-9,1,1.468,1,39,1
10,1,1.491,1,13,0.198792,17,0.301208,18,0.25,20,0.25
-10,1,1.491,1,40,1
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898'6Z'I'l 96'0'1'tZ
Z9'E9T61Z*ITEZ-
Z9'8Z'1'6 I Z'I'I'EZ
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I E'tZTE9E* IT61
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8Z'EZ'gL8* I'ZZ'gZ'1'6 ITOETI'81
9*0'LtT90ETI'L I -
9 L E * O'ZZ'g Z I ' O'l ZT90 CITL I
Iqt"lzoE*1,1,q1-
g, 0, z Z' g z , 0, 1 Z' g z * Wo Z' 1, zo E , V V 9 1
g*ozzgz*oozgz*o,8 V I't, I E* V Ig I
I'tt, VZOE, V I't, I -
9Z*O'ZZ'gZ'0'6 I'gZ*0'8 I'gZ*0'9 ITZOE' I'l't I
IWllqzTlcl-
9*0'6 I'gZ*0'9 I'gZ*O'g ITI 9Z* ITE I
i'zt,'IgEZ*1,1,zl-
9'0'6 I'gZ'O'g I'gZ*O't, 1T9EZTI'Z I
9 * O'l tTL E E * ITI I -
9Z 1 *0'1 Z'gZ*O'OZ'gZ I VL ITLECITI I
80.33,0.0671,7.33045093,?
260.33,0.07212,8.11585329
692.33,0.07904,9.80167423,?
1502.33,0.08955,13.2923001
1507.73,0.11988,13.3211893,?
1543.73,0.14089,13.5166505
1579.73,0.14686,13.717249,?
1615.73,0. 1717,13.9231981
1651.73,0.1949,14.1347101,?
1687.73,0.18388,14.3519980
1723.73,0.1478,14.5752746,?
1759.73,0.112,14.804753
1786.73,0.085,14.9810589
*2240.33,0.085,18.5665964
2,1,0.025,igap *rods.70
1,1.240775,0.1415635 *Cp=5195J/kg-K *gap=3500 *rods.71
3,22,650.617,FUO2 *rods.70
86,0.05677357,4.73275874,?
176,0.06078589,4.29917259
266,0.06366347,3.93877428,?
356,0.06581210,3.63454049
446,0.06747631,3.37435643,?
536,0.06880819,3.1493668
626,0.06990545,2.95294976,?
716,0.07083283,2.78005572
806,0.07163441,2.62676801,?
896,0.07234099,2.49000319
986,0.07297458,2.36730189,?
1076,0.07355124,2.25667975
1166,0.07408294,2.1565193,?
1256,0.07457886,2.06549023
1346,0.07504628,1.98248979,?
1436,0.07549123,1.90659753
1526,0.0759191,1.83704065,?
1616,0.07633503,1.77316713
1706,0.0767443,1.7144247,?
1796,0.07715268,1.66034425
1886,0.07756663,1.61052668,?
1976,0.07799351,1.5646323 *rods.71
4,1,0.025,ogap *rods.70
1,1.240775,0.283125 *Cp=5195J/kg-K *gap7000 *rods.71
oper, 1,1,0,1,0,1,0,0,0 *oper.1
-1.0,1.3,0.0,0.005,0 *oper.2
0 *oper3
2248.0844,553.46,4089.851,181.6129,0.0 *oper.5
0 *~no forcing functions *oper. 12
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epri,epri,epri,none *corr.2
0.2 *corr.3
ditb,thom,thom,w-31,cond,g5.7 *correlation for boiling curve
w-3s,w-31 *dnb analysis by w-31 *corr.9
0.0 *w-3s input data
0.042,0.066,0.986 *w-31 input data
*corr.6
*corr.10
*corr.l 1
drag,1,1,4 *drag. 1
0.32,-0.25,0.0,64.0,-1.0,0.0 *axial friction correlation
0.5213675,0.674409 *dr
6.472,-.2,0.,6.472,-0.2,0.0 *lateral drag correlation
*grid.1grid,0,3,
0.6,0.4,1.0,
30,12
1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16
17,18,19,20,21,22,23,24,25,26,27,28,29,30
0.0,2,4.1339,1,19.8819,1,35.6299,1,?
51.3780,1,67.1260,1,82.8740,1,98.62205,1,
114.3701,1,130.1181,1,145.8661,1,150.0,3
25,2 *gri
31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46
47,48,49,50,51,52,53,54,55
0.0,2,150.0,3
0 *grid.4 terminated
cont *co
0.0,0,150,50,3,1, *direct solution
0.1,0.00001,0.001,0.05,0.01,0.9,1.5,1.0
5,0,0,0,0,0,1,1,0,0,0,1,0,0
1000.,0.0,0.0,0.0,0.0,0.0
endd
ag.7
*drag.2
*drag.8
*grid.2
*grid.4
*grid.5
*grid.5
*grid.6
*grid loc. *grid.6
d.4
*
grid.6
*grid.5
grid.5
nit. 1
*cont.2
*cont.3
*cont.6
*cont.7
*end of data input
0
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corr,2,2,0, *corr.1I
